Studies of carbon-carbon bond forming reactions via selective cleavage of unreactive bonds using various ruthenium-phosphine catalyst by コンドウ, ヒカル et al.

























序論         p.1 
 




緒言         p.16 
第 1節        p.21 
第 2節        p.31 
第 3節        p.41 
結言         p.49 
 
第 2章  
トリアルキルホスフィンルテニウム錯体を用いた 
芳香族ケトンおよびエステル類の不活性結合切断を経る選択的なモノアリール化反応 
緒言         p.51 
第 1節        p.55 
第 2節        p.77 
第 3節        p.83 
結言         p.88 
 




緒言         p.89  
第 1節        p.93 
第 2節        p.97 
結言         p.126 
 
結論         p.127 
 




引用文献        p.182 
 
参考論文        p.206 
 











































Fig. 0. 1. Overview of catalytic functionalizations of Carbon–Heteroatom bonds. 6c  
 
炭素–酸素結合に関して、古典的な不活性なアルキルエーテルの官能基化としては、Fuson



















玉尾-Corriu型クロスカップリング反応が挙げられ(eq. 0.4) 13、さらに Dankwardtによってト
リシクロヘキシルホスフィンを添加することで種々のアニソール誘導体への適用が可能と























































































































化学量論量を用いたものでは、チタン錯体によるアミノ化が Liらによって(eq. 0.20) 34、 
3族元素による炭素－酸素結合切断の観測が Carpentier、Kirillovらによって報告されてい












































化およびボリル化 (eq. 0.27) 40aおよび Shiらによるボリル化 40bや還元的鈴木-宮浦クロスカ














































































(Fig. 0. 2. b)。 
さらに化学選択的なモノアルケニル化を利用した Snyder らによる天然有機化合物全合成
の共通中間体の合成を行い、本反応の多段階合成への応用法を示すことができた(Fig. 0. 2. 
c)。 
  
Fig. 0. 2.  Ruthenium-catalyzed selective monoalkenylation of aromatic ketones via the cleavage of 











成した(Fig. 0. 3. a)。また、開発したルテニウム-アルキルホスフィン触媒は、芳香族エステ
ル類のオルト位芳香族炭素–酸素結合切断を経るアリール化を進行させることを見出し、天
然物 altertenuolの形式合成を達成した(Fig. 0. 3. b)。また、本触媒系では炭素－水素結合切断
を経るアルケン類とのカップリング反応が進行し難いことを利用し、化学選択的な炭素－




Fig. 0. 3.  Ruthenium-catalyzed selective monoarylation of aromatic ketones and esters via the 














発現させることに成功した(Fig. 0. 4. a)。さらにアルケン部位を有するキラルなモノホスフ
ィン配位子を用いて、化学選択的な炭素–酸素結合切断を経る、軸不斉を有するビアリール
類の不斉合成を達成した(Fig. 0. 4. b)。 
 
Fig. 0. 4.  Ruthenium-catalyzed selective monoarylatioin of aromatic ketones via the cleavage of 

































































ルテニウム 0価錯体への酸化的付加の障壁は 2.1 kcal/molであるのに対し、炭素－酸素結合
の酸化的付加はヒドリドルテニウム種からの炭素－水素結合の還元的脱離を経るために
22.1 kcal/molと高いため、速度論的に炭素－水素結合切断が優先する(Fig. 1. 1.)。 
 
 
Fig. 1. 1. Gibbs energy profile of oxidative addition of C–H bond over C–O bond 














(Fig. 1. 2.)。 
 
 
Fig. 1. 2. Working hypothesis for selective monoalkenylation of an acetophenone derivative via  





































第 1節 炭素－酸素結合切断を経る芳香族ケトンの選択的モノアルケニル化反応の開発 
 




まず 4種類の錯体に関して検討を行った(Table 1. 1. 1.)。RuH2(CO)(PPh3)3 27aを用いた場合、
モノアルケニル化体 3aが NMR収率 57%で得られ、ジアルケニル化体 4aはわずか 6%で生
成し、高い選択性でモノアルケニル化が進行することが分かった(entry 1)。炭素–水素結合切
断を経るアルケニル化において高活性であった錯体 5 44lを用いたところ、3a が NMR 収率




に対し 2 当量となる 8 mol % のフッ化セシウムを添加して反応を行った。その結果
RuCl(TMS)(CO)(PPh3)2および 6 を用いた場合に反応性が向上し、3a をそれぞれ 76%、83%





Table 1. 1. 1. Ruthenium-catalyzed selective C–O monoalkenylation of 1 with 2a. 
 
 
entry Ru cat. CsF 
NMR resultsa  
conversion yield of 3a yield of 4a 
1 RuH2(CO)(PPh3)3 none 63% 57% 6% 
2 
  
none 85% 80% 5% 




none 72% 69% 3% 
5 RuH2(CO)(PPh3)3 8 mol % 61% 55% 5% 
6 5 8 mol % 63% 58% 3% 
7 RuCl(TMS)(CO)(PPh3)2 8 mol % 82% 76% 6% 
8 6 8 mol % 90% 83% 7% 





§ 1. 1. 2. 添加剤の検討 















conversion yield of 3a yield of 4a 
1 none 72% 69% 3% 
2 CsF 90% 83% 7% 
3 KF 78% 74% 3% 
4 NaF 82% 77% 4% 
5 Cs2CO3 87% 80% 6% 
6 CsOAc 81% 77% 4% 





§ 1. 1. 3. ボロン酸エステルの当量と反応時間の検討 
反応時間とボロン酸エステルの当量を検討した(Table 1. 1. 3.)。反応時間を 4、 8および 16
時間としたところ、3aはそれぞれ NMR収率 73%、83%および 81%で得られ、8時間程度で
収率が最大となることが分かった(entries 1-3)。また、ボロン酸エステルをそれぞれ 1.5、2.0
および 2.5当量としたところ、3aは NMR収率 73%、83%および 83%で得られたため(entries 
2, 4 and 5)、2.0当量が反応を効率良く進行させる十分量であると判断した。そこで entry 2の
条件を本反応の最適条件とした。 
 
Table 1. 1. 3. Optimization of reaction condition. 
 
 
entry boronate time 
NMR results 
conversion yield of 3a yield of 4a 
1 2.0 equiv  4 h 77% 73%  4% 
2 2.0 equiv  8 h 90% 83%  7% 
3 2.0 equiv 16 h 93% 81% 11% 
4 1.5 equiv  8 h 78% 73%  5% 





§ 1. 1. 4. スチリルボロン酸エステルの適用範囲に関する検討 
最適条件を用いて様々な置換基を有するアルケニルボロン酸エステルの適用範囲の検討
を行った(Table 1. 1. 4.)。無置換の β-スチリルボロン酸エステル 2aを用いたとき、単離収率
79%で 3aが得られ、この時ジアルケニル化体 4aは 7%であった(entry 1)。パラ位に電子供与
性のメトキシ基やメチル基を持つスチリルボロン酸エステルも適用可能であり、良好な収
率で目的物 3b,cを得たものの、ジアルケニル化体 4b,cの収率は無置換の場合と比べて増加
した(entries 2 and 3)。パラ位に電子求引性のクロロ基を有するスチリルボロン酸エステル 2d









反応時間を延ばすことで、収率 52%で 3gが得られた(entries 7)。 
 
Table 1. 1. 4. Ruthenium-catalyzed selective C–O monoalkenylation of 1 with various styrylboronates 
2. 
 





H 2a 79%  7% 
2 OMe 2b 73% 11% 
3 Me 2c 72% 10% 
4 Cl 2d 74%  3% 
5 CF3 2e 75% (24 h) trace 
6 OAc 2f trace not detected 
7 
 
H 2g 52% (40 h)  2% 
26 
 
§ 1. 1. 5. アルキル置換基を有するアルケニルボロン酸エステルの適用範囲に関する検討 
続いてアルキル置換基を有するアルケニルボロン酸エステルの検討を行った(Table 1. 1. 
5.)。E体の基質 2h を用いた 1-プロペニル基の導入では反応時間 8時間において収率 29%、
E/Z比 90:10でモノアルケニル化体 3hが得られた(entry 1)。反応時間を 24、40時間と延長
したところ、それぞれ 3hが 44%、42%で得られ、反応系中での触媒の失活が示唆される結
果を得た(entries 2-3)。添加剤として 2 当量のスチレンを加えたところ反応が効率よく進行





Table 1. 1. 5. Ruthenium-catalyzed selective C–O monoalkenylation of 1 with various alkyl-
substituted alkenylboronates 2. 
 
entry R1 R2 R3 2 styrene time isolated yield of 3 E/Z 
1 H H Me 2h none  8 h 29% 90:10 
2    2h none 24 h 44% 90:10 
3    2h none 40 h 42% 90:10 
4    2h 2 equiv  8 h 79% 91: 9 
5 H Me Me 2i none  8 h  4%  
6    2i 2 equiv  8 h 74%  
7 Me H H 2j none  8 h 30%  




§ 1. 1. 6. スチレンの効果に関する検討 
スチレンの添加により収率にどのような変化があるのかを確認するため、スチレンを加
えない場合と、スチレンを反応後に添加した場合と反応前に添加した場合の計 3 通りの実
験を行った(Table 1. 1. 6.)。まず、スチレンを加えない場合、反応時間 16および 24時間のい
ずれの段階においても反応の進行は著しく抑制されており、16 時間後からの収率の向上が











Table 1. 1. 6. Ruthenium-catalyzed C–O alkenylation of 1 with 2h under various conditions. 
 













§ 1. 1. 7. アントロン誘導体を基質としたモノアルケニル化の検討 
骨格の異なる基質として 2 つの芳香環上にそれぞれ 1 つのメトキシ基を有するアントロ
ン誘導体 7での検討を行った(Table 1. 1. 7.)。基質の特徴として、それぞれのメトキシ基の切
断に使われるカルボニル酸素の孤立電子対が左右で異なるため、ジアルケニル化の生成は
段階的に進行することが予測される。すなわち、アセトフェノン誘導体に比べてモノアルケ
ニル化は比較的困難である(Fig. 1. 1. 7.)。 
スチリル基の導入では反応時間 7時間において、モノアルケニル化体 8aが単離収率 68%
で得られ、同時にジアルケニル化体 9aが 21%で得られた(entry 1)。また、4当量のボロン酸
エステル 2a を用いて 36 時間反応させたところ、生成物はジアルケニル化体 9a に収束し、
収率 99%で得られた(entry 2)。パラ位に電子供与性のメトキシ基を有するスチリル基の導入
ではアルケニル化体 8b および 9b がそれぞれ 65%、22%で得られ、生成物選択性は無置換
の場合と比べて低下した(entry 3)。一方、パラ位に電子求引性のトリフルオロメチル基を有







Table 1. 1. 7. Ruthenium-catalyzed selective C–O monoalkenylation of anthrone derivative 7 with 




entry R 2 time 
results 
yield of 8 yield of 9 
1 H 2a  7 h 68% 21% 
2a H 2a 36 h not detected 99% 
3 OMe 2b  5 h 65% 22% 
4 CF3 2e 24 h 61% 11% 
a) 4 equiv of boronate 2a was used. 
 
 
Fig. 1. 1. 7. A possible explanation of relative reactivity of bond cleavage between an acetophenone 





第 2節 モノアルケニル化における炭素－ヘテロ原子結合切断の化学選択性 
 




ト位に各種アリーロキシ基を導入したアセトフェノン誘導体 10a-10d と β-スチリルボロン
酸エステル 2aを用いてアルケニル化反応の検討を行った(Table 1. 2. 1.)。 
オルト位にメトキシ基とフェノキシ基を導入した基質 10a では、メトキシ基側で選択的
にアルケニル化が進行した生成物 11aを NMR収率 55%、アリーロキシ基側で反応したアル
ケニル化体 12aが NMR収率 7%で得られ、 メトキシ基の切断が優先する結果を得た(entry 




エーテル 11bが NMR収率 59%で主生成物として得られたものの、アリーロキシ基が切断さ












Table 1. 2. 1. Ruthenium-catalyzed chemoselective C–O alkenylation of acetophenone derivatives 






conversion yield of 11 yield of 12 yield of 4a 
1b 
 
72% 55%  7%  2% 
2 10a 85% 71%  8%  4% 
3 
 
79% 59%  8% 10% 
4 
 
84% 70%  9%  4% 
5 
 
82% 66% 11%  4% 
a) 1,3-Dihydroisobenzofuran was used as an internal standard. 









よび 12eが約 2:1の比率で得られた(entry 1)。置換基の立体的な差がより大きいメトキシ基
とイソプロポキシ基を持つ基質 10fの反応では、メトキシ基が切断されてアルケニル化され
た生成物 11fが単離収率 68%で高選択的に得られた一方、イソプロポキシ基がアルケニル基
に置換された生成物 12aはわずか 5%で得られるのみであった(entry 2)。基質 10fの反応時間
を 24時間に延長したところ収率が向上し、生成物 11fを単離収率 80%、生成物比 20:1で与
えた(entry 3)。これは、entry 2および 3においてそれぞれ単離による結果であるため、生成
物 12fの収率に関しては多少の誤差が生じているためと考えている。entries 1-3ではアルキ
ル基の電子的性質は変化させずに立体的な嵩高さの比較を行ったが、電子的影響が異なる 2, 
2, 2-トリフルオロエトキシ基を導入した基質 10gを用いて行った(entry 4)。その結果、より
電子供与性の高いメトキシ基が高選択的に切断されたアルケニル化体 11g が収率 61%で得
られ、副生成物 12aは 4%に抑えられた。続いて 2つのアルコキシ基の立体的な差を軽減さ
せるため 10g のメトキシ基をエトキシ基とした基質 10h を用いて検討を行ったところ、選
択性は低下したが、より電子供与性の高いエトキシ基の切断が優先した(entry 5)。基質 10h
での検討を反応時間 24時間として行ったが、主生成物の収率は向上せず副生成物 12bおよ










Table 1. 2. 2. Ruthenium-catalyzed chemoselective C–O alkenylation of acetophenone derivatives 




conversion yield of 11 yield of 12 yield of 4a 
1 
 
82% 49% 27% 6% 
2 
 
73% 68%  5% trace 
3a 10f 84% 80%  4% trace 
4 
 
77% 61%  4% 3% 
5 
 
62% 45% 13% 3% 
6a 10h 26% 44% 19% 5% 
a) 24 h 
 
Scheme 1. 2. 2. Nickel-catalyzed competition reaction of naphtol derivatives bearing methoxy and 









応したアルケニル化体 3a を収率 90%で得た(entry 1)。メトキシ基を有するボロン酸エステ
ル 2bを用いた場合も炭素–窒素結合側での反応のみが観測され、3bが収率 63%で得られ、
反応時間を 24時間に延長することで 73%まで収率が向上し、同時に 17%のジアルケニル化
体 4bが生成した(entries 2-3)。電子求引性のトリフルオロメチル基を有するボロン酸エステ
ル 2eを用いた反応では炭素–窒素結合側のスチリル化が大きく優先するものの、炭素–酸素











Table 1. 2. 3. Ruthenium-catalyzed selective C–N alkenylation of acetophenone derivatives 13 with 
various alkenylboronate 2. 
 
 
entry R 2 
results  
conversion yield of 11 yield of 12 4 
1 H 2a 92% 90% not detected 2% 
2 OMe 2b 69% 63% not detected not detected 
3a  2b >99% 73% not detected 17% 
4 CF3 2e 86% 65% detected by GCMS trace 
5a  2e >99% 74% 2% trace 
a) 24 h 
 
Scheme 1. 2. 3. Ruthenium-catalyzed competition reaction of N,N-diethylbenzamide derivatives 




§ 1. 2. 4. 炭素–ヘテロ原子結合切断の化学選択性の考察 
アセトフェノン誘導体での選択的モノアルケニル化により得られた相対的なヘテロ官能
基の切断されやすさを考える(Table 1. 2. 4. 1.)。 
まず、メトキシ基とアリーロキシ基の比較では立体的に小さく、電子供与性の高いメトキ
シ基が優先して切断される。これら 2つのアルコキシドの共役酸の脱離能を比較すると、よ

































Martinらによって報告されている 48b。Martinらの系では Grignard試薬が Lewis酸として働
き、より電子供与性の高い酸素を活性化するため、酸化的付加がより不活性な sp2 炭素–酸
素結合側で起こると説明している(Scheme 1. 2. 4. 3.)。 
 
Table 1. 2. 4. 1. Estimation of the relative easiness of cleavage among the C–O and C–N bonds. 
 
relative easiness of cleavage 
characters of the preferred group 
sterics electronics 
MeO > ArO smaller more donating (worse leaving group) 
MeO > EtO, iPrO smaller less donating (better leaving group) 
MeO, EtO > CF3CH2O smaller more donating (worse leaving group) 
Me2N >> MeO larger more donating (worse leaving group) 
 
Table 1. 2. 4. 2. Bordwell’s pKa values for conjugate acid of the cleavage bonds. 49 
 















Scheme 1. 2. 4. 1. Aryl amido ruthenium complexes formed by the reaction of Ruthenium carbonyl 
phosphine complex with ortho-acylanine derivatives. 37c 
 
 





Scheme 1. 2. 4. 3. Nickel-catalyzed stereoselective phenylation of inert C–O bond via “non-classical” 












§ 1. 3. 1. ベンゾフェノン誘導体での反応最適化 
オルト位に炭素–水素および炭素－酸素結合を有するベンゾフェノン誘導体を用いて、化
学選択的なアルケニル化について検討を行った。 






























entry 14 styrene 
isolation results 
conversion yield of 15 yield of 16 
1 
 
none 77% 50% 16% 
2 14a 2 equiv 84% 60% 23% 
3 
 
2 equiv 76% 57% 17% 
 






§ 1. 3. 2. Snyderの合成中間体への展開 
レスベラトロール骨格を有する様々な天然有機化合物は生物活性物質として注目される
化合物群であり、これら種々の天然物の全合成は、生物活性物質の合成化学的供給に向けた
重要な研究テーマであるといえる(Fig. 1. 3. 2. 1.)51。 
Snyder らは、ベンゾフェノン誘導体およびその還元体を共通の中間体として多くのレス
ベラトロール誘導体を合成することに成功しており、Scheme 1. 3. 2. 1.に示す反応経路でそ
れぞれの鍵中間体を合成している 52。 
開発したアルケニル化を駆使することでレスベラトロール骨格を簡便に構築できること


























Scheme 1. 3. 2. 2. Synthetic strategy for the synthesis of Snyder’s versatile intermediates by means 





§ 1. 3. 3.  Snyderの共通中間体の合成 
トリメトキシベンゼンと 3, 5-ジメトキシ塩化ベンゾイルを用いて、リチオ化によるベン
ゾフェノン誘導体 14bの合成を行ったところ、3, 5-ジメトキシ塩化ベンゾイル基準において
収率 95%で目的物 14bを得た(Scheme 1. 3. 3. 1.)。続いて 14bを用いてモノアルケニル化の
検討を行った。3 当量のボロン酸エステル 2b を用いてスチレン、p-キシレン混合溶媒中
130 °Cで 4 時間反応させたところ、目的のモノアルケニル化体 15cが収率 68%で得られ、
同時にジアルケニル化体 16cが 11%で得られた(Scheme 1. 3. 3. 2.)。以上より、Snyderの合成
中間体 15c を 2 工程、収率 65%で得ることに成功し、本反応が多段階合成への応用も可能
であることが示された。 
最後にケトン体 15c を水素化トリエチルホウ素リチウムによる還元を行い、対応するア




































































る。後者の場合では配向基 28a,54やカップリング剤 55、溶媒 56、添加剤 50などによって選択
性の制御の試みが成されている(Fig. 2. 1.)。 
 
 







































アリール化(Fig. 2. 2. path A)とそれに続くもう一方のオルト位の連続的なアリール化(Fig. 2. 
2. path B)、さらに触媒が配向基から外れてから再度モノアリール化体の配位を受けてアリ








Fig. 2. 2. Working hypothesis for selective monoarylation of an acetophenone derivative via the 














第 1節 炭素–酸素結合切断を経る芳香族ケトンの選択的モノアリール化反応の開発 
 
§ 2. 1. 1.  触媒検討 
2’, 6’-ジメトキシアセトフェノン(1)とフェニルボロン酸エステル 18aを用いて選択的な
モノアリール化反応の検討を行った(Table 2. 1. 1.)。触媒として 2 mol %の RuH2(CO)(PPh3)3























Table 2. 1. 1. Ruthenium-catalyzed selective C–O monoarylation of the acetophenone derivative 1 
with arylboronate 18a. 
 
 
entry Ru cat. CsF styrene 
GC resultsa 
conversion of 1 yield of 19a yield of 20a 
1 RuH2(CO)(PPh3)3 ― ― 47%  2% 45% 
2 RuH2(CO)(PPh3)3 ― 1 equiv 73% 10% 53% 
3 RuHCl(CO)(PPh3)3 4 mol % 1 equiv 68% 10% 54% 
4 RuHCl(CO){P(4-MeOC6H4)3}3 4 mol % 1 equiv 68% 14% 52% 
5 RuHCl(CO){P(4-FC6H4)3}3 4 mol % 1 equiv 65%  9% 53% 
6 RuHCl(CO)(PPh2Me)3 4 mol % 1 equiv  7%  2%  2% 
7 RuH(OAc)(CO)(PPh3)2 (6) 4 mol % 1 equiv 70% 19% 50% 
8 RuH(OAc)(CO)(PCy3)2 4 mol % 1 equiv 72% 61%  9% 
9 RuH(OAc)(CO)(PiPr3)2 4 mol % 1 equiv 92% 77% 15% 
10 RuHCl(CO)(PiPr3)2 (21a) 4 mol % 1 equiv 98% 75% 22% 
11 RuHCl(CO)(PtBu2Me)2 4 mol % 1 equiv 98% 69% 22% 











§ 2. 1. 2. 反応温度とスチレンの当量に関する検討 
反応温度に関する検討を行った(Table 2. 1. 2.)。反応温度を 20 ˚C刻みで検討を行ったと









しやすくなっていると考えている。そこで entry 3の条件を本反応の最適条件とした。 
 




entry temp styrene 
GC results  
conversion of 1 yield of 19a yield of 20a 
1 120 °C 1.0 equiv 98% 75% 22% 
2 100 °C 1.0 equiv 99% 74% 20% 
3  80 °C 1.0 equiv 96% 84% 12% 
4  60 °C 1.0 equiv 30% 28%  1% 
5 40 °C 1.0 equiv <1% not detected not detected 
6 80 °C 0.5 equiv 89% 76% 12% 






§ 2. 1. 3. 添加剤に関する検討 












GC results  
conversion of 1 yield of 19a yield of 20a 
1 NaF < 1% not detected not detected 
2 KF < 1% not detected not detected 
3 CsF 96% 84% 12% 
4 AgF < 1% trace not detected 
5 TBAF 97% 81% 15% 
6 Cs2CO3 < 1% not detected not detected 
7 CsOAc < 1% not detected not detected 
8 K2CO3 < 1% not detected not detected 




§ 2. 1. 5. RuHCl(CO)(PiPr3)2 (21a)と RuHF(CO)(PiPr3)2 (21b)の反応性の比較に関する検討 
RuHCl(CO)(PiPr3)2 (21a)と RuHF(CO)(PiPr3)2 (21b)の触媒活性の比較を行った(Table 2. 1. 
5.)。 
フッ化セシウムおよびスチレンを添加する場合、80 °C、15分間の条件では錯体 21bを
用いた場合にわずかに反応性が高かった(entries 1 and 2)。スチレンのみを用いた場合、錯
体 21aでは全く反応が進行しないのに対し、錯体 21bでは良好に反応が進行した(entries 3 
and 4)。一方で、フッ化セシウムのみを用いた場合にはどちらの錯体においても反応性は





していると考えられ、その詳細については§ 2. 1. 11. (p. 71)で述べる。  
Caultonらは、クロリド錯体 21aとフッ化セシウムをアセトン中反応させることで、フル
オリド錯体 21bが得られることを報告している(scheme 2. 1. 5. A)60。また、類似の錯体であ
る RuHF(CO)(PtBu2Me)2錯体とペンタフルオロフェニルトリメチルシランとの反応を触媒量
のフッ化セシウム存在下行うと、アリールヒドリド錯体 RuH(C6F5)(CO)(PtBu2Me)2へと変換
されることが分かっている(scheme 2. 1. 5. B)60。加えて、クロリド錯体からフェニルリチウ
ムとの反応により得られるアリールヒドリド錯体 RuH(Ph)(CO)(PtBu2Me)2は熱安定性に乏
しく、室温下で 1分子のホスフィンの解離を伴いながら 0価のアレーン錯体を生成する













Table 2. 1. 5. Comparing relative reactivity between RuHCl(CO)(PiPr3)2 (21a) and RuHF(CO)(PiPr3)2 




entry cat. HX CsF styrene 
GC results 
conversion of 1 yield of 19a yield of 20a 
1 21a HCl 4 mol % 1 equiv  96 84 12 
2 21b HF 4 mol % 1 equiv  99 79 19 
3 21a HCl ― 1 equiv >99 nd nd 
4 21b HF ― 1 equiv  84 75 9 
5 21a HCl 4 mol % ―  97  2 nd 
6 21b HF 4 mol % ―  83 16 nd 
7 21b HF ― ― >99 nd nd 
 







§ 2. 1. 6. アリールボロン酸エステルの適用範囲に関する検討 
最適条件を用いて様々な置換基を有するアリールボロン酸エステルの適用範囲の検討を
行った(Table 2. 1. 6.)。 




応性の低下が見られ、反応時間 1時間において収率 78%で目的物 19eを得た(entry 5)。パラ
位にハロゲノ基を有する基質を用いて検討したところ、フルオロ基とクロロ基の場合では
効率良く反応が進行し(entries 6-7)、ブロモ基を有するアリールボロン酸エステル 18h を用
いた場合は触媒回転の鈍化が見られた。そこで触媒量を 4 mol %に増加させると良好な収率
で目的物 19h が得られた(entry 8)。また、ヨード基の場合では反応温度を 60 °C とし、10 
mol %のルテニウム触媒および 20 mol %のフッ化セシウム、5当量のスチレンを用いること








進行し(entries 11 and 12)、ブロモ基では適切な条件下で目的のモノアリール化体 19lを高収











entry boronate R 18 21a time isolated yield 
1 
 
H 18a 2 mol % 15 min 83% 
2 NMe2 18b 2 mol % 2 h 74% 
3 OMe 18c 2 mol % 15 min 81% 
4 Me 18d 2 mol % 15 min 80% 
5 CF3 18e 2 mol % 1 h 78% 
6 F 18f 2 mol % 15 min 80% 
7 Cl 18g 2 mol % 15 min 73% 
8 Br 18h 4 mol % 1 h 81% 
9 I 18i 10 mol % 24 h 78% (60 °C) 
10 CH=CH2 18j 4 mol % 3 h 76% 
11 
 
OMe 18k 2 mol % 15 min 80% 
12 Me 18l 2 mol % 15 min 80% 
13 Br 18m 4 mol % 1 h 73% 
14 
 
 18n 2 mol % 1 h 81% 
15 
 
 18o 4 mol % 1 h 76% 
16 
 










入において非常に高い選択性でモノアリール化が進行した(entries 17 and 18)。チオフェン
環の導入ではフラン環と比べると選択性は若干劣るものの、収率良く目的物 19s, tが得ら






ていると推察できる(scheme 2. 1. 6.)。また、ホルミル基は反応の進行を阻害し(entry 22)、




 18q 4 mol % 1 h 90% 
18 
 
 18r 4 mol % 1 h 86% 
19 
 
 18s 4 mol % 1 h 81% 
20 
 
 18t 4 mol % 1 h 64% 
21 
 
 18u 4 mol % 1 h 38% (100 °C) 
22 
 
 18v 2 mol % 15 min not detected 
23   18w 2 mol % 15 min not detected 
24   18x 2 mol % 15 min not detected 
25 
 


















3)。競争実験をケトン 1に対して 2当量の各種ボロン酸エステル 18c, eを用いて行ったと
ころ、転化率は entry 3と同程度であり、生成物比から電子不足のアリール基の導入が優先







を受けて決定されると考えられる(Scheme 2. 1. 7.)。 
ボロン酸エステルにおける同様な反応性は炭素－窒素結合切断を経るアリール化におけ






Table 2. 1. 7. Reactivity and substituent effect of arylboronates 18. 
 
entry 
boronate NMR resultsa 
18c 18e conversion of 1 yield of 19c yield of 19e 
combined yield of  
20c+20e+20ce  
1 0.3 mmol 0.3 mmol 70% 26% 39%  5% 
2 1.0 mmol ― 99% 80% ― 18% 
3 ― 1.0 mmol 50% ― 47%  3% 
4 1.0 mmol 1.0 mmol 52% 15% 32%  5% 
a) 1,3-Dihydroisobenzofuran was used as an internal standard. 
 







§ 2. 1. 8. 連続的なアリール化による 2つのオルト位に異なるアリール基導入に関する検討 
モノフェニル化体 19aに対し、さらなるアリール化を施すことでオルト位に異なるアリ
ール基を有するアセトフェノン誘導体 22の合成を行った(Table 2. 1. 8.)。RuH2(CO)(PPh3)3
錯体を触媒とし、電子供与性のメトキシ基が置換したアリールボロン酸エステル 18cおよ
び電子求引性のトリフルオロメチル基を有するアリールボロン酸エステル 18eを用いて検
討した。8 mol %の触媒を用いてトルエン溶媒中 120 ˚Cで 4時間反応させたところ、entry 1
および 2の両検討において原料 19aの消失を確認し、目的の非対称ジアリール化生成物 22
をそれぞれほぼ定量的に得ることに成功した。 
1段階目と 2段階目に炭素－水素結合活性化を用いて 2つのオルト位を非対称に官能基
























§ 2. 1. 9. 芳香族ケトンの適用範囲に関する検討 

















80% (1 h) 
3 
  
69% (120 °C, 30 min) 






§ 2. 1. 10. オルト位に非等価なヘテロ官能基を有する芳香族ケトンにおける選択性の検討 
オルト位に非等価なヘテロ官能基を有する芳香族ケトンのモノアリール化反応におい
て、炭素－ヘテロ原子結合切断の選択性について検討を行った(Scheme 2. 1. 10.)。 
オルト位にフェノキシ基とメトキシ基を有する 10aを用いた場合、アルケニル化の場合









Scheme 2. 1. 10. Ruthenium-catalyzed chemoselective monoarylation of acetophenone derivatives 












化体の配位を受けアリール化する段階的アリール化の 3つの反応の競合となる(Fig. 2. 1. 11. 
1.)。段階的なアリール化についてはジメトキシアセトフェノン 1とモノフェニル化体 19a
の競争反応での検討 27aから、相対的な反応性としては 1がより反応性が高いと考えられ、
連続的なアリール化が支配的であることが示唆されている(Scheme 2. 1. 11. 1.)。 
 


















ケトン 1を 5 mmol用い、2当量の 18aとの反応を、錯体 21aを触媒として用いた条件
下、トルエン中、80 °Cで行った。3分ごとに反応溶媒を 0.05 mLずつ抜き取り、GCにて
収率を算出した(Table 2. 1. 11., Fig. 2. 1. 11. 1.)。その結果、モノアリール化体 19aは原料 1
の減少に伴い生成していた。しかしながらジアリール化体 20aの生成は遅く、1がほぼ消











conversion yield of 19a yield of 20a 
1 0 min  0%  0%  0% 
2 3 min  5%  3%  0% 
3 6 min 56% 51%  4% 
4 9 min 78% 71%  8% 
5 12 min 89% 75% 11% 
6 15 min 94% 80% 13% 
7 18 min 97% 80% 16% 
8 21 min 98% 78% 18% 
9 24 min 99% 78% 20% 
10 27 min 99% 77% 22% 
11 30 min 99% 74% 24% 
 
































けることになる(Scheme 2. 1. 11. 2. intermediate A)。その結果、1回目のアリール化後に触媒
が配向基とアルケンの両方から配位を受けた際に、アルケンと強く相互作用することでケ
トンのカルボニル酸素から解離する過程が促進すると考えられる(Scheme 2. 1. 11. 2. A→
B)。また、スチレン非存在下では反応がほとんど進行しないことからも、触媒活性種の生
成にアルケンが不可欠であることが示唆されているため、低原子価ルテニウム-アルキルホ
スフィン種に対してスチレンが配位していると考えられる。ただし、§ 2. 1. 5. (p. 59)のフル












§ 2. 1. 12. 配向基の適用範囲に関する検討 
様々な配向基を有するカルボニル化合物 29を用いた芳香族炭素－酸素結合切断を経るア
リール化反応の検討を行った(Table 2. 1. 12.)。 
イソプロピルエステル 29aを用いた場合、4 mol %の 21を用いることで、収率 54%で 30a
を得た(entry 1)。tert-ブチルエステル 29bでは 10 mol %の 21を用いることで 30bを 47%で




2. 1. 12. 1.)。特に、メチルエステル基に関しては平木らによりアシル炭素–酸素結合の 0価
ルテニウムへの酸化的付加とそれに伴う脱カルボニル化が進行することが報告されており、
触媒の失活原因であると考えている(Scheme 2. 1. 12. 2.)67。 
 




entry R 29 21a isolated yield 
1 OiPr 29a  4 mol % 54% 
2 OtBu 29b 10 mol % 47% 
3 OEt 29c  4 mol %  4%a 
4 OMe 29d  4 mol % tracea 
5 NEt2 29e  4 mol % tracea 
6 NMe2 29f  4 mol % tracea 





Scheme 2. 1. 12. 1. Reactivity of various benzoate derivatives on ruthenium-catalyzed C–H arylation. 
 
 






第 2節  天然有機化合物合成への展開 
§ 2. 2. 1. 標的化合物と合成計画 
1950年代以降、Alternaria spp. (カビの一種)の代謝産物中からレゾルシノール構造を有す
るビアリール化合物が多数単離されている(Fig. 2. 2. 1. 1)68。Fig. 2.2.1.1に示した化合物は
弱毒性であり、生物活性作用についても広く研究されている 69 70。 
 
 
Fig. 2. 2. 1. 1. Selected examples of fungal metabolites bearing resorcylic lactones. 
 
Altertenuolは 1957年に Stickingsと Thomasらによって Altenaria tenuisから単離されたカ
ビ毒 71であり、1961年に Thomasによって Fig. 2. 2. 1. 1.左から 3つ目に示す構造が提唱さ
れた 72。 1973年には Peroらによって「同じ分子量」を示す「異なる融点」の化合物が、同
じく Altenaria tenuisから単離され、altenuisolと名付けられた 73。Altenuisolの NMRスペク
トルは存在するものの、提唱構造が妥当である明確な証拠はなかった。Altenuisolは HeLa細
胞に活性を示すこと(ID50: 8 g/mL)、および根状菌に対する抗菌性 (Toxicity to Bacillus 
mycosides 5 g/assay disc)を有することからカビ毒(Arternaria toxins)の成分の 1つであると考
えられている 73-74。2012年に Podlechらによって altenuisol提唱構造および 2つの構造異性
体の全合成が達成され、altenuisolの正しい構造は altertenuol提唱構造であると決定した 75。
翌年 Podlechらが標品 altertenuolと合成 altenuisolの構造が一致していることを証明し、それ
ぞれの化合物は以下に示す構造であると結論付けられた(Fig. 2. 2. 1. 2)76。また、これまでに
altertenuolの全合成 75,77は倉持ら 77a、Podlechら 75、および阿部ら 77bの 3グループが達成し
ている(Scheme 2. 2. 1. 1. and 2. 2. 1. 2.)。 
 
Fig. 2. 2. 1. 2.  Correct structure of altertenuol/altenuisol. 
78 
 



































§ 2. 2. 2.  Altertenuolの形式合成 
カルボン酸 31を出発原料に、標的化合物の合成に着手した(Scheme 2. 2. 2)。31のエステ
ル化はトリクロロアセトイミデートを用いて行い、収率 91%で 32を得た。ルテニウム触媒
による 32のアリール化を行ったところ、収率 57%でモノアリール化体 33を得るとともに、





























第 3節 アルキルホスフィン触媒の特徴とアリールホスフィン錯体との比較 
 







1) 1a。ピバロフェノン(37)に対し、2当量のアルケンを 2 mol %の RuHCl(CO)(PiPr3)2 (21a)と
4 mol %のフッ化セシウム存在下、トルエン中 120 °Cで 6時間反応させたところ、トリエ
トキシビニルシランの場合にわずかにアルキル化体が観測され、スチレンを用いると痕跡
量のアルキル化体が得られるのみであった(Scheme 2. 3. 1.)。したがって、本触媒系では炭
素－水素結合切断を経るアルキル化反応は進行しないことが明らかとなった。 
 

















§ 2. 3. 2. 炭素－水素結合切断を経るアリール化反応に関する検討 




2. 3. 2.)。 
 
Fig. 2. 3. 2. Working hypothesis for C–H arylation of acetophenone derivative using 













§ 2. 3. 3. 炭素－酸素結合切断を経るアルケニル化反応に関する検討 





Table 2. 3. 3. Comparison of ruthenium catalyst on selective C–O monoalkenylation of an 




entry Ru cat. 
NMR results 
conversion of 1 yield of 3a yield of 4a 
1 RuH(OAc)(CO)(PPh3)2 (6)  95% 83% 11% 









2. 3. 4. 1.)58。そこで第 1節における最適条件を用いて反応を行ったが痕跡量のモノアリー
ル化体 42が得られたのみで反応はほぼ進行しなかった(Scheme 2. 3. 4. 2.)。 
 


































Table 2. 3. 5. Comparison of ruthenium catalyst between RuHX(CO)(PAr3)n and 21a for chelation-
assisted unreactive bond functionalizations. 
bond type type of functionalization directing group RuHX(CO)(PAr3)n RuHCl(CO)(PiPr3)2 (21a) 
C–H alkylation ketone ✔ ✕ 
C–H  arylation ketone ✔ ✔ 
C–O 
 ketone ✔diarylation (120 °C) ✔monoarylation (80 °C) 





C–O  alkenylation ketone ✔ ✔ 
C–N  arylation ketone ✔ ✔ 

















































































































Fig. 3. 1. 1. Working hypothesis for in-situ generation of ruthenium-phosphine complexes for C–O 










§ 3. 1. 1. 触媒検討 
Darsesらによる炭素－水素結合切断を経るアルキル化反応を参考に、2’,6’-ジメトキシア
セトフェノンの炭素－酸素結合切断を経るアリール化反応の触媒系の検討を行った(Table 
3. 1. 1.)。1.5当量のフェニルボロン酸エステルを用いてトルエン中 100 °Cで 1時間反応さ
せたところ、Darsesらの触媒系では反応が進行しなかった(entry 1)。トリフェニルホスフィ















entry Ru cat. PPh3 additive 
GC resultsa 
conversion of 1 yield of 19a yield of 20a 
1 1/2 [RuCl2(p-cymene)]2 15 mol % 30 mol % HCO2Na < 1% not detected trace 
2 1/2 [RuCl2(p-cymene)]2 10 mol % 20 mol % CsF 
1 equiv styrene 
18% 2% 13% 
3 RuCl2(CO)(p-cymene)  
(43) 
10 mol % 20 mol % CsF 
1 equiv styrene 
62% 7% 53% 





§ 3. 1. 2. ホスフィンおよび N-ヘテロサイクリックカルベン配位子の検討 












が(entries 10 and 11)、トリシクロへキシルホスフィンの場合には良好に反応が進行し、さら
にモノアリール化体が主生成物として得られた(entry 12)。その他アルキルホスフィンを用
いた場合には(entries 13-18)、大きな円錐角を持つホスフィンの場合に良好な結果を与え



















conversion of 1 yield of 19a yield of 20a 
1 none  2%  2% not detected 
2 PPh3 62%  7% 53% 
3 P(2-MeC6H4)3 <1% trace not detected 
4 P(3-MeC6H4)3 79%  8% 63% 
5 P(4-MeC6H4)3 42%  7% 35% 
6 P(3,5-Me2C6H3)3 75% 10% 66% 
7 P(2,4,6-Me3C6H2)3  2%  2% not detected 
8 P(4-MeOC6H4)3 12%  2%  5% 
9 P(4-F3CC6H4)3 78% 17% 61% 
10 PPh2Cy 11%  5%  4% 
11 PPhCy2  2%  2% trace 
12 PCy3 81% 66%  9% 
13 PtBu3 13%  7% not detected 
14 PtBu2Me 90% 76% 13% 
17 PiPr3 96% 78% 17% 
18 PCyp3 10%  1% trace 
19 PnBu3 <1% trace not detected 
20 PMe3  1%  1% not detected 
21 P(NMe2)3 11% 11% not detected 
22 IMes  6%  2% trace 
23 IPr 11%  6%  1% 
24 ItBu  4% trace not detected 
 







§ 3. 2. 1. はじめに 
BINAPや BINOLに代表されるような軸不斉を有する化合物は、遷移金属錯体を用いる
不斉触媒反応の配位子やそれ自体を不斉触媒に用いるなど有機合成反応において有用な化
合物である 86。その構造は天然物 87にもみられ、生物活性作用 87c,87d,88にも影響を与えるこ
とからも、アトロプ異性体の選択的合成はビアリール合成における重要な研究課題の 1つ
である(Fig. 3. 2. 1.)87a,87b,89。 
 
Fig. 3. 2. 1.  Selected examples of ligands and natural products having chiral biaryl systems. 
 
軸不斉を有するビアリール類の代表的な合成手法としては図 3. 2. 2に示した 3つの手法
が知られている 89c。 







Fig. 3. 2. 2. Strategies for atropselective syntheses of axially chiral biaryl systems.  
 































































































§ 3. 2. 2. 配位子の探索 
基質として、1-メトキシ-2-アセトン(44)および 1-ナフチルボロン酸エステル 45aを用い
て、RuCl2(CO)(p-cymene) (43)と様々なキラルホスフィン配位子を組み合わせた触媒による
不斉アリール化を試みた(Table 3. 2. 2., Fig. 3. 2. 2. 1.)。 





ベンの放出を経て 44の還元が触媒的に進行したと考えられる(Fig. 3. 2. 2. 2. A)。また、44
の脱メトキシ化体 47も観測されており、その生成機構は、酸化的付加後に生じるアルコ
キシドルテニウム種からの−水素脱離と、それに続く還元的脱離によるものと推測できる
(Fig. 3. 2. 2. 2. B)63c,82b。 
単座ホスフィン(Monodentate Optically Active Phosphine、以下MOPと略す) L4 94では 50% 
NMR収率で 46aが得られ、同時に 4%の水素化体 47が生じていた(entry 4)。この時、生成
物 46の鏡像体過剰率は 36% eeであり、配位子由来の不斉誘起が確認された。キラルなホ
スホロアミダイト L5 95では L4と比べて反応性および鏡像体過剰率が低下した(entry 5)。
Kwonらが開発したホスフィン L6 96では不斉誘起が確認されたものの、反応性が著しく低




Table 3. 2. 2. Initial screening of chiral ligands L for C–O arylation of 44 with arylboronates 45a. 
 
 
entry L loading of L 
NMR resulta / HPLC resultb 
conversion of 44 yield of 46a / ee of 46a yield of 47 
1 L1 10 mol % 16% trace / -- 3% 
2 L2 10 mol % 23% nd / -- 2% 
3 L3 10 mol % 51% nd / -- 1% 
4 L4 20 mol % 77% 50% / 36% ee 4% 
5 L5 20 mol % 40% 29% / 29% ee 1% 
6 L6 20 mol % 29%  3% / 21% ee 2% 
7 L7 20 mol %  8% nd / -- nd 
a) 1,3,5-Trimethoxybenzene was used as an internal standard. 
b) The ee values were determined by HPLC on a Chiralcel OD-H column. 
 









§ 3. 2. 3. 当量と溶媒の調整 
L4を用いて配位子の当量および溶媒の調整を行った(Table 3. 2. 3.)。 
L4を 10 mol %用いた場合、44の転化率は低下したものの、物質収支および 46aの鏡像
体過剰率が向上した(entry 2)。さらに溶媒を 1,4-ジオキサンとした場合、反応性および ee
がさらに向上し、目的のアリール化体を NMR収率 59%、53% eeで得た(entry 3)。 
 
Table 3. 2. 3. Optimization of loading of L4 and solvent for C–O arylation of 44 with 45a. 
 
 
entry loading of L4 solvent 
NMR result / HPLC result 
conversion of 44 yield of 46a / ee of 46a yield of 47 
1 20 mol % toluene 77% 50% / 36% ee 4% 
2 10 mol % toluene 64% 49% / 46% ee 3% 





§ 3. 2. 4. ボロン酸エステルの検討 















Table 3. 2. 4. Screening of arylboronates bearing various protecting groups for C–O arylation of 44 




NMR result / HPLC result 
conversion of 44 yield of 46a / ee of 46a yield of 47 
1 
 
83% 59% / 53% ee  2% 
2 
 
94% 67% / 53% ee  4% 
3 
 
78% 55% / 52% ee 11% 
4 
 
49% 31% / 52% ee  8% 
5 
 
71% 56% / 53% ee 15% 
6 
 





§ 3. 2. 5. キラルモノホスフィンおよびホスホロアミダイト配位子の検討 











and 9)。同じく 2’位にアルケン部位を有する L1599では L14と比較して反応性が大幅に向
上し、同時に鏡像体過剰率の向上も見られた(entries 10 and 11)。各種ホスホロアミダイト






Table 3. 2. 5. Screening of chiral ligands for C–O arylation of 44 with arylboronates 48a. 
 
entry L 
NMR result / HPLC result 
conversion of 44 yield of 46a / ee of 46a yield of 47 
1 L4 71% 56% /  53% ee 15% 
2 L8 38% 24% /  52% ee 11% 
3 L9 86% 59% /  49% ee 20% 
4 L10 42% 28% /  55% ee 13%  
5 L11 56% 47% /  57% ee  8% 
6 L12 40% 32% /  42% ee  7% 
7 L13  7%  6% /  17% ee not detected 
8 L14 25% 18% / –30% ee  7% 
9a L14 10%  5% / –53% ee  3% 
10 L15 77% 63% / –61% ee  4% 
11a L15 80% 71% / –62% ee  7% 
12 L5 57% 20% / 30% ee 26% 
13 L16 36% 11% / 18% ee  9% 
14 L17 86% 35% / 28% ee 31% 
a) The reaction was conducted in the absence of styrene. 
 
Fig. 3. 2. 5. Structure of MOP- and MONOPHOS-type ligands. 
111 
 
§ 3. 2. 6. アルケン部位を有するキラルモノホスフィン L15を用いた温度検討 
配位子 L15を用いて温度検討を行った(Table 3. 2. 6.)。 
反応温度を 60-100 °Cの間で変化させ、収率と鏡像体過剰率への影響を調べた。その結







Table 3. 2. 6. Effect of reaction temperatures for C–O arylation of 44 with arylboronates 48a by 




NMR result / HPLC result 
conversion of 44 yield of 46a / ee of 46a yield of 47 
1 100 °C 80% 71% / –62% ee 7% 
2  80 °C 41% 36% / –66% ee 3% 
3  70 °C 35% 31% / –78% ee 4% 






§ 3. 2. 7. アルケン部位を有するキラルモノホスフィンの検討 
配位子 L15のアルケン部位およびホスフィン上のフェニル基に種々の置換基を有するホ






L22では L15と比べて反応性および鏡像体過剰率が低下した(entries 6 and 7)。以上より、
スチリル基およびホスフィン上の芳香環の電子的制御によるエナンチオ選択性の向上は望
めなかった。そこで、立体的な環境を変化させることで鏡像体過剰率の向上を目指した。






L28の場合、鏡像体過剰率は 76% eeと L15と同程度であったが収率は 21%まで低下した












NMR result / HPLC result 
conversion of 44 yield of 46a / ee of 46a yield of 47 
1 -- <1% nd / -- not detected 
2 L15 35% 31% / –78% ee 4% 
3 L18 15% 13% / –71% ee 3% 
4 L19 31% 26% / –73% ee 1% 
5 L20 34% 30% / –67% ee 3% 
6 L21 22% 19% / –67% ee 2% 
7 L22 41% 39% / –59% ee 2% 
9 L23  5%  5% / –55% ee not detected 
9 L24  7%  4% / -- 3% 
10 L25 28% 22% / –72% ee 4% 
11 L26 10%  7% / –77% ee 3% 
12 L27 18%  7% / –64% ee 4% 
13 L28 28% 21% / –76% ee 2% 
14 L29 26% 23% / –81% ee 3% 
 




§ 3. 2. 8. 触媒前駆体の検討 
配位子 L15を用いて錯体 43と類似の構造を有する各種アレーンルテニウム錯体の検討
を行った(Table 3. 2. 8.)。 
ヨード配位子を有する RuI2(CO)(p-cymene)では収率および鏡像体過剰率は 43を用いた場
合と比べて低下した(entry 2)。アレーン配位子をメシチレンまたはヘキサメチルベンゼンと
した場合、それぞれ反応性が大きく低下した(entries 3 and 4)。 
 




NMR result / HPLC result 
conversion of 44 yield of 46 / ee of 46 yield of 47 
1 RuCl2(CO)(p-cymene) (43) 35% 31% / –78% ee 4% 
2 RuI2(CO)(p-cymene) 14% 13% / –70% ee 2% 
3 RuCl2(CO)(mesitylene) <1% nd / nd nd 





§ 3. 2. 9. 溶媒の検討 
各種溶媒の検討を行った(Table 3. 2. 9.)。エーテル系溶媒では、4-メチルテトラヒドロピ
ラン(MTHP)を溶媒とした場合、1,4-ジオキサンと同等の結果を与えたが、鏡像体過剰率は
わずかに低下した(entry 2)。シクロペンチルメチルエーテルやジブチルエーテルでは鏡像体





ている(Scheme 3. 2. 9.)57。しかしながら、ピナコロン溶媒中での 3位でのアリール化は観
測されず、化学選択的なアリール化が進行する点で興味深い結果を得た。 
 
Table 3. 2. 9. Screening of solvents for C–O arylation of 44 with arylboronates 48a. 
 
entry solvent 
NMR result / HPLC result 
conversion of 44 yield of 46a / ee of 46a yield of 47 
1 1,4-dioxane 35% 31% / –78% ee 4% 
2 MTHP 35% 33% / –74% ee 2% 
3 CypOMe 15% 14% / –73% ee not detected 
4 nBu2O 16% 16% / –71% ee not detected 
5 toluene 39% 36% / –73% ee 1% 
6 benzene 20% 18% / –68% ee not detected 
7 anisole 27% 24% / –74% ee 2% 
8 1,1,1-trifluorotoluene 44% 41% / –69% ee 2% 
9 pinacolone 24% 22% / –71% ee 1% 
 




§ 3. 2. 10. 触媒量および反応時間の検討 
触媒量と反応時間の検討を行った(Table 3. 2. 10.)。 
 これまでの条件から 43の触媒量を 15 mol %としたところ、46の収率は 37%に増加し、
鏡像体過剰率は 79% eeとなった(entry 2)。さらに、反応を 48時間とすると、NMR収率 61%
まで収率が向上し、単離収率 58%、鏡像体過剰率 76% eeで目的物 46が得られた。そこで、
entry 3の条件を本反応の最適条件とした。 
 
Table 3. 2. 10. Optimization of reaction conditions for C–O arylation of 44 with arylboronates 48a. 
 
 
entry 43 time 
NMR result / HPLC result 
conversion of 44 yield of 46 / ee of 46 yield of 47 
1 10 mol % 24 h 35% 31% / –78% ee 4% 
2 15 mol % 24 h 41% 37% / –79% ee 4% 
3 15 mol % 48 h 67% 61% (58%)a / –76% ee 6% 











見られ、収率 29%, 71% eeで 46bが得られた(entry 2)。反応時間を 96時間に延長したとこ
ろ収率は 50%に向上したが、鏡像体過剰率の若干の低下が見られ、68% eeで 46bを得た
(entry 3)。メチル基を有するボロン酸エステル 48cでは無置換の 48aの場合と比べて収率は
低下したものの、鏡像体過剰率 79% eeと比較的良い選択性でアリール化体 46cが得られた
(entry 4)。フルオロ基の場合においても収率 50%で目的物 46dを与え、鏡像体過剰率は
77% eeであった(entry 5)。電子求引性のクロロ基を有する 48eでは反応性が大きく低下し
た(entry 6)。また、ブロモ基は許容性を示さず、ほぼ原料回収となった(entry 7)。9-フェナ
ントリルボロン酸エステル 48gでは収率 44%、71% eeで 46gが得られた(entry 8)。単環の
2-メチルフェニルボロン酸エステル 48hでは反応はほとんど進行しなったものの(entry 9)、







Table 3. 2. 11. Ruthenium-catalyzed atropo-enantioselective C–O arylation of aromatic ketone 44 





time isolated yield enantiomeric excess 
Ar R number 
1 
 
H 48a 48 h 58% 76% ee 
2  OMe 48b 48 h 29% 71% ee 
3  OMe 48b 96 h 50% 68% ee 
4  Me 48c 48 h 50% 79% ee 
5  F 48d 48 h 50% 77% ee 
6  Cl 48e 48 h 23% 75% ee 
7  Br 48f 48 h <5% ---- 
8 
 
 48g 48 h 44% 71% ee 
9 
 
 48h 48 h <5% ---- 
10 
 







§ 3. 2. 12. 各種芳香族ケトンに関する検討 
各種芳香族ケトンの検討を行った。 
単環の 3’,5’-ジメチル-2’-メトキシアセトフェノン(49a)と 48aの反応では収率 79%、75% 
eeと高い収率および選択性でアリール化体 50a を与えた(entry 1)。また、フルオロ基を置
換したボロン酸エステル 48dを用いても反応は進行し、収率 68%、75% eeでアリール化体







Table 3. 2. 12. Ruthenium-catalyzed atropselective C–O arylation of aromatic ketone 49 with 48a. 
 
entry 49 R’ isolated yield enantiomeric excess 
1 
 
49a H 79%  75% ee 
2  49a F 68%  75% ee 
3 
 
49b H <10%a ---- 
4 
 
49c H <5%a ---- 
5 
 
49d H <5%a ---- 
6 
 
49e H <5%a ---- 




§ 3. 2. 13. 芳香族アミドおよびエステル類に関する検討 
各種芳香族アミドおよびエステル類の検討を行った。 
まず、各種芳香族アミドに関しての検討を行った。N,N-ジメチルアミド基を配向基とす
る 51aでは、1-ナフチル基の導入においてピナコラートエステル 48aを用いて収率 51%、
67% eeでアリール化体 52aaが得られた(entry 1)。オルトメチルフェニル基の導入ではネオ
ペンチルグリコラートエステルを用いて収率 54%、アリール化体 52abが得られたもの
の、エナンチオ選択性は 44% eeと大きく低下した(entry 2)。モルホリンアミド 51bや
Weinrebアミド 51cを用いた場合、前者でのみ反応が進行し、1-ナフチル基の導入において 
52bを収率 42%、73% eeで得た(entries 3 and 4)。また、N,N-ジメチルアミド基を配向基と
するベンズアミド誘導体 51dでは、反応がほとんど進行しなかった(entry 5)。 
 続いて各種芳香族エステル類を用いた検討を行った。 
メチルエステル 51eおよびイソプロピルエステル 51fではいずれの場合も目的のアリール






Table 3. 2. 13. Ruthenium-catalyzed atropselective C–O arylation of aromatic compounds 51. 
 





51% 67% ee 
2  51a 
 





































§ 3. 2. 14. 絶対立体配置の決定 
本手法により得られた生成物に関して絶対立体配置の決定を行った。 
まず、ビナフチルケトン 46aおよびアミド 52aに関しては各種スペクトルの文献値 101との
比較により決定することとした。 





Table 3. 2. 14. Comparison specific rotation of 46a and 52aa. 















































































































































I.  General Information 
1H and 13C{1H} NMR spectra were recorded on a JEOL ECX-400, AL-400, or ALPHA-400 
spectrometer. IR spectra were recorded on a JASCO FT/IR-410 infrared spectometer. ESI-MS was 
performed on a JEOL JMS-T100LCS. GC analysis was performed using a Shimazu GC-2014 
equipped with a CBP-10 capillary column (25 m × 0.22 mm, film thickness 0.25 μm). The temperature 
for GC analysis was programmed from 70 to 250 °C at 10 °C/min ramp with a final hold time of 30 
min (injection temperature, 250 °C; detector temperature, 250 °C). HPLC analysis was performed on 
a Waters Alliance HPLC System with a Chiralpak OJ-H (4.6 mm × 250 mm), IA-3 (4.6 mm × 250 
mm), IB-3 (4.6 mm × 250 mm), IC-3 (4.6 mm × 250 mm), and IF-3 (4.6 mm × 250 mm) column with 
UV detection at 257 nm. Melting points were determined on a Stanford Research Systems MPA 100 
instrument. Flash chromatography was carried out with aluminium oxide 90 active basic (Merck 
Millipore) or silica gel 60N (Kanto Chemical Co., Inc.). Specific rotations were determined on a 
HORIBA SEPA-300 High-Sensitive Polarimeter. 
Unless otherwise noted, all reactions were carried out under nitrogen and all commercial reagents were 
used without further purification. 
 
For §1 
Solvent and Materials 
RuH2(CO)(PPh3)31b, Ru complex 5,27b RuCl(TMS)(CO)(PPh3)2,102 and RuH(OAc)(CO)(PPh3)2 (6)103 
were prepared by according to the literature procedure. 2’,6’-dimethoxyacetophenone (1) was 
recrystallized from hexane. 2’-hydroxy-6’-methoxyacetophenone,104 2’-ethoxy-6’-
methoxyacetophenone (10e),105 and 2,4,6-trimethoxybenzophenone (14a)106 were prepared by 
according to the literature procedure. P-xylene was distilled from Sodium benzophenone ketyl under 
nitrogen. Styrene was dried from CaH2 and distilled under nitrogen. CsF was purchased from Nacalai 
Tesque, Inc and used as received. Anhydrous THF and hexane solution of nBuLi were purchased from 
Kanto Chemical Co. Inc and used as received. THF solution of 1M LiBHEt3 was purchased from 
Tokyo Chemical Industry Co., Ltd. and used as received. Alkenylboronates were prepared from 







Preparation of Alkenylboronate 2d 
 
A 200 mL round-bottom flask was charged with 0.6 g of alkenylboronic acid (3.3 mmol), 0.38 g of 
2,2-dimethyl-1,3-propanediol (3.6 mmol) and 50 mL of Et2O. This mixture was stirred for 1 h at room 
temperature under air. After the reaction, 5.0 g of CaCl2 (45 mmol) was introduced to the mixture and 
stirred for 0.5 h, which was then filtered through Celite and concentrated. Purification of the crude 
material by silica gel column chromatography (hexane:AcOEt = 9:1) afforded 767 mg (93% yield) of 
the desired alkenylbornate 2d as a white solid: Mp 118-119 °C; 1H NMR (400 MHz, CDCl3): δ 0.99 
(s, 6H), 3.69 (s, 4H), 6.07 (d, J = 18.4 Hz, 1H), 7.24-7.30 (m, 3H), 7.40 (d, J = 8.2 Hz, 2H); 13C NMR 
(100 MHz, CDCl3): δ 21.8, 31.8, 72.1, 121.5, 128.1, 128.6, 134.1, 136.2, 145.6; IR (KBr): 2956 s, 
1628 s, 1567 w, 1492 s, 1475 s, 1418 s, 1403 s, 1375 m, 1312 s, 1258 s, 1224 m, 1187 s, 1090 s, 1011 
m, 989 s, 807 s, 687 m, 627 w, 492 m, 417 w cm-1; Anal. calcd for C13H16BClO2: C, 62.33; H, 6.44. 
Found: C, 62.21; H; 6.43. 
  




In a glove box, 2’,6’-dimethoxyacetophenone (1) (0.5 mmol), alkenylboronate 2 (1.0 mmol), 
RuH(OAc)(CO)(PPh3)2 (6) (0.02 mmol), CsF (0.04 mmol), (styrene (1.0 mmol), if added) and 0.5 mL 
of p-xylene were placed in an oven-dried 20 mL Schlenk flask containing a magnetic stirring bar. The 
mixture was heated at 140 °C. After the reaction, the volatile materials were removed by rotary 
evaporation. The crude material was passed through a basic aluminium oxide column to remove the 
remaining alkenylboronate. Further purification of the product was performed by silica gel column 





Alkenylation Product 3a.  
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 99.5 mg 
(79% yield) of alkenylation product 3a as a white solid. The analytical data for 
3a are in good agreement with those reported in literature.44l  
 
 
Alkenylation Product 4a. 
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 11.9 mg 
(7% yield) of alkenylation product 4a as a white solid: Mp 128-129 °C; 1H 
NMR (400 MHz, CDCl3): δ 2.52 (s, 3H), 7.05 (s, 4H), 7.25-7.31 (m, 2H), 7.35-
7.42 (m, 5H), 7.49 (d, J = 7.6 Hz, 4H), 7.58 (d, J = 8.0 Hz, 2H); 13C NMR (100 
MHz, CDCl3): δ 33.6, 124.9, 125.0, 126.8, 128.2, 128.7, 129.2, 132.3, 133.5, 
136.8, 140.4, 208.0; IR (KBr): 3029 w, 2923 w, 1696 s, 1491 m, 1432 w, 1256 
m, 791 m, 759 m, 739 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C24H20NaO 347.1402; Found 347.1412. 
 
 
Alkenylation Product 3b.  
Purification by GPC afforded 103 mg (73% yield) of alkenylation product 
3b as a white solid: Mp 112-114 °C; 1H NMR (400 MHz, CDCl3): δ 2.53 
(s, 3H), 3.82 (s, 3H), 3.84 (s, 3H), 6.81 (d, J = 7.8 Hz, 1H), 6.86-6.92 (m, 
3H), 7.01 (d, J = 16.1 Hz, 1H), 7.26-7.31 (m, 2H), 7.39-7.42 (m, 2H); 13C 
NMR (100 MHz, CDCl3): δ 32.7, 55.3, 55.7, 109.3, 114.1, 117.8, 122.5, 
128.0, 129.7, 130.0, 130.4, 131.4, 135.4, 156.1, 160.0, 205.7; IR (KBr): 
2967 m, 2937 m, 2840 w, 1683 s, 1603 m, 1566 m, 1508 s, 1470 m, 1437 
m, 1355 w, 1254 s, 1173 s, 1077 m, 1024 m, 964 m, 823 m, 785 m, 741 m, 
596 w, 526 w, 353 s cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C18H18NaO3 305.1154; Found 305.1165. 
 
 
Alkenylation Product 3c.  
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 96.3 
mg (72% yield) of alkenylation product 3c as a white solid. The analytical 





Alkenylation Product 3d. 
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 107 mg 
(74% yield) of alkenylation product 3d as a white solid: Mp 126-127 °C; 1H 
NMR (400 MHz, CDCl3): δ 2.53 (s, 3H), 3.85 (s, 3H), 6.85 (dd, J = 7.9, 0.7 
Hz, 1H), 6.98 (d, J = 16.2 Hz, 1H), 7.03 (d, J = 16.2 Hz, 1H), 7.27-7.40 (m, 
6H); 13C NMR (100 MHz, CDCl3): δ 32.7, 55.7, 109.9, 118.0, 125.4, 127.9, 
128.8, 130.2, 130.4, 130.6, 133.5, 134.8, 135.4, 156.3, 205.3; IR (KBr): 3020 
m, 2974 m, 2944 m, 2843 m, 1691 s, 1574 s, 1490 m, 1469 s, 1440 m, 1404 
m, 1353 w, 1272 s, 1073 s, 1009 m, 948 m, 865 w, 816 s, 786 w, 742 m, 589 
w, 514 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C17H15ClNaO2 
309.0658; Found 309.0669. 
 
 
Alkenylation Product 3e. 
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 120 mg 
(75% yield) of alkenylation product 3e as a white solid: Mp 156-157 °C; 1H 
NMR (400 MHz, CDCl3): δ 2.55 (s, 3H), 3.87 (s, 3H), 6.89 (dd, J = 7.9, 1.0 
Hz, 1H), 7.05 (d, J = 16.2 Hz, 1H), 7.15 (d, J = 16.2 Hz, 1H), 7.30-7.38 (m, 
2H), 7.56 (d, J = 15.9 Hz, 2H), 7.58 (d, J = 15.9 Hz, 2H); 13C NMR (100 
MHz, CDCl3): δ 32.7, 55.7, 110.3, 118.2, 124.1 (q, J = 271.8 Hz), 125.6 (q, 
J = 3.7 Hz), 126.8, 127.5, 129.5 (q, J = 31.9 Hz), 130.2, 130.3, 130.8, 134.6, 
140.4, 156.4, 205.2; IR (KBr): 3019 w, 2945 w, 2847 w, 1696 s, 1612 s, 
1577 m, 1470 s, 1321 s, 1268 s, 1164 s, 1122 s, 1065 s, 1011 m, 952 m, 921 
w, 872 m, 825 m, 788 m, 744 m, 609 w, 586 w, 529 w, 513 w, 351 m cm-1; 




Alkenylation Product 3g.  
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 65.8 mg 
(52% yield) of alkenylation product 3g as a yellow oil. The analytical data for 





Alkenylation Product 3h.  
Silica gel column chromatography (hexane:AcOEt = 20:1) afforded 74.9 mg (79% 
yield, E/Z = 90:10) of alkenylation product 3h as a yellow oil. The analytical data 




Alkenylation Product 3i.  
Silica gel column chromatography (hexane:AcOEt = 20:1) afforded 76.5 mg (74% 
yield) of alkenylation product 3i as a yellow oil: 1H NMR (400 MHz, CDCl3): δ 1.72 
(s, 3H), 1.85 (s, 3H), 2.42 (s, 3H), 3.82 (s, 3H), 6.14 (s, 1H), 6.78-6.82 (m, 2H), 7.26 
(t, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 19.4, 26.1, 32.1, 55.6, 108.7, 
121.8, 122.3, 129.3, 131.1, 136.2, 137.6, 155.5, 205.4; IR (neat): 2970 w, 2938 w, 
2839 w, 1703 s, 1594 m, 1572 s, 1468 s, 1435 m, 1349 m, 1267 s, 1243 m, 1088 m, 
1051 m, 794 m, 771 m, 746 m 478 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd 
for C13H16NaO2 227.1048; Found 227.1050. 
 
 
Alkenylation Product 3j.  
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 76.1 mg (80% 
yield) of alkenylation product 3j as a yellow oil. The analytical data for 3j are in 
good agreement with those reported in literature.44l 
 
Preparation of Anthrone Derivative 7 
The methylation was performed using a procedure similar to the one for the dimethylation of 
anthracene-1,8,9-triol reported by Palmer and coworkers.107  
 
An oven-dried 100 mL two-necked flask equipped with a reflux condenser was charged with 3.4 g 
of anthracene-1,8,9-triol (15 mmol), 10.0 g of K2CO3 (72 mmol), 15 mL of acetone, and 10.6 g of MeI 
(75 mmol). This mixture was warmed to 55 °C and stirred for 18 h. After the reaction, acetone and 
MeI were removed in vacuo, and an aqueous solution of 2 M NaOH was introduced to the mixture, 
which was then extracted three times with CH2Cl2. Combined organic portions were washed with brine, 
dried over Na2SO4, filtered and concentrated. Purification of the crude material by silica gel column 
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chromatography (hexane:AcOEt = 5:1 to 1:2) afforded 1.05 g (25% yield) of anthrone derivative 7 
and 2.09 g (52% yield) of the trimethylation product. 
 
 
Anthrone Derivative 7.  
White solid; Mp 162-163 °C; 1H NMR (400 MHz, CDCl3): δ 1.65 (s, 6H), 3.93 
(s, 6H), 6.89 (d, J = 8.2 Hz, 2H), 7.18 (d, J = 7.8 Hz, 2H), 7.40 (dd, J = 8.2, 8.2 
Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 32.0, 39.0, 56.0, 109.9, 115.8, 124.3, 
132.4, 150.8, 158.4, 185.9; IR (KBr): 3097 w, 2998 m, 2970 m, 2935 w, 2836 
w, 1684 s, 1589 s, 1469 s, 1275 s, 1242 s, 1056 s, 1047 s, 776 m, 759 m, 733 





Yellow solid; Mp 116-117 °C; 1H NMR (400 MHz, CDCl3): δ 1.68 (s, 6H), 
4.00 (s, 3H), 6.88 (d, J = 8.4 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 7.07 (d, J = 8.0 
Hz, 1H), 7.28 (d, J = 8.0 Hz, 1H), 7.47 (t, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 
1H), 13.57 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 33.8, 38.6, 56.2, 109.7, 
115.1, 115.7, 116.1, 118.6, 118.7, 134.8, 135.2, 150.6, 153.8, 161.1, 162.8, 
189.3; IR (KBr): 3444 w, 3067 w, 2979 m, 2839 m, 1635 s, 1473 s, 1273 s, 
1250 s, 1050 s, 783 s, 761 s, 700 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ 
Calcd for C17H16NaO3 291.0997; Found 291.1021. 
 
General Procedure for Monoalkenylation of Anthrone Derivative 7 
 
In a glove box, anthrone derivative 7 (0.5 mmol), alkenylboronate 2a,b,e (1.25 mmol), complex 6 
(0.02 mmol), CsF (0.04 mmol), and 0.5 mL of p-xylene were placed in an oven-dried 20 mL Schlenk 
flask containing a magnetic stirring bar. The mixture was heated at 140 °C. After the reaction, the 
volatile materials were removed by rotary evaporation. The crude material was passed through a basic 
aluminium oxide column to remove the remaining alkenylboronate. Further purification of the product 




Alkenylation Product 8a. 
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 121 mg 
(68% yield) of alkenylation product 8a as a white solid: Mp 193-195 °C; 1H 
NMR (400 MHz, CDCl3): δ 1.69 (s, 6H), 3.95 (s, 3H), 6.92 (d, J = 8.6 Hz, 1H), 
7.05 (d, J = 16.5 Hz, 1H), 7.22-7.28 (m, 2H), 7.37 (t, J = 7.4 Hz, 2H), 7.46 (t, 
J = 8.2 Hz, 2H), 7.55 (d, J = 7.4 Hz, 1H), 7.60 (d, J = 7.4 Hz, 2H), 7.65 (d, J = 
7.8 Hz, 1H), 8.06 (d, J = 16.1 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 32.4, 
39.1, 56.2, 110.0, 116.3, 123.5, 123.7, 125.5, 127.0, 127.5, 128.5, 128.7, 130.8, 
131.2, 132.7, 132.9, 137.7, 138.1, 149.3, 151.4, 158.8, 187.6; IR (KBr): 3073 
w, 3016 w, 2962 w, 1650 s, 1596 m, 1428 m, 1269 s, 1054 s, 940 m, 782 m, 
756 m, 696 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C25H22NaO2 
377.1518; Found 377.1523. 
 
 
Alkenylation Product 8b. 
Silica gel column chromatography (toluene:hexane:AcOEt = 30:5:1) afforded 
124 mg (65% yield) of alkenylation product 8b as a white solid: Mp 141-
143 °C; 1H NMR (400 MHz, CDCl3): δ 1.69 (s, 6H), 3.85 (s, 3H), 3.96 (s, 
3H), 6.91-6.94 (m, 3H), 7.02 (d, J = 16.4 Hz, 1H), 7.23 (d, J = 8.0 Hz, 1H), 
7.43-7.48 (m, 2H), 7.52-7.56 (m, 3H), 7.64 (d, J = 7.6 Hz, 1H), 7.95 (d, J = 
16.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 32.4, 39.1, 55.3, 56.2, 110.0, 
113.9, 116.3, 123.1, 123.9, 125.3, 126.4, 128.3, 130.5, 130.6, 131.2, 132.6, 
132.8, 138.3, 149.3, 151.4, 158.8, 159.2, 187.8; IR (KBr): 3071 w, 2959 w, 
2932 w, 2835 w, 1656 s, 1593 s, 1509 s, 1276 s, 1261 s, 1250 s, 1050 m, 1032 
m, 939 w, 776 w, 695 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C26H24NaO3 407.1623; Found 407.1624. 
 
 
Alkenylation Product 8e. 
Silica gel column chromatography (hexane:AcOEt = 10:1) afforded 129 mg 
(61% yield) of alkenylation product 8e as a white solid: Mp 164-165 °C; 1H 
NMR (400 MHz, CDCl3): δ 1.70 (s, 6H), 3.96 (s, 3H), 6.94 (d, J = 8.2 Hz, 
1H), 7.03 (d, J = 16.5 Hz, 1H), 7.25 (d, J = 7.4 Hz, 1H), 7.46-7.52 (m, 2H), 
7.59-7.64 (m, 4H), 7.69 (d, J = 8.2 Hz, 2H), 8.13 (d, J = 16.5 Hz, 1H); 13C 
NMR (100 MHz, CDCl3): δ 32.5, 39.1, 56.2, 110.0, 116.5, 123.4, 124.2, 124.3 
(q, J = 271.5 Hz), 125.4 (q, J = 3.7 Hz), 125.8, 127.1, 129.0, 129.1 (q, J = 32.3 
Hz), 131.4, 131.6, 132.8, 133.1, 137.6, 141.3, 149.5, 151.5, 159.0, 187.3; IR 
(KBr): 3068 w, 2993 w, 2965 w, 2836 w, 1661 s, 1594 s, 1473 s, 1327 s, 1271 
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s, 1164 s, 1109 s, 1067 s, 939 m, 828 m, 776 m, 697 m cm-1; HRMS (ESI-
TOF) m/z: [M+Na]+ Calcd for C26H21F3NaO2 445.1391; Found 445.1390. 
 
 
Alkenylation Product 9a. 
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 44.4 mg 
(21% yield) of alkenylation product 9a as a white solid: Mp 189-190 °C; 1H 
NMR (400 MHz, CDCl3): δ 1.70 (s, 6H), 7.05 (d, J = 16.1 Hz, 2H), 7.21-7.30 
(m, 2H), 7.37 (dd, J = 7.1, 7.8 Hz, 4H), 7.48 (t, J = 7.8 Hz, 2H), 7.54-7.60 (m, 
6H), 7.65 (d, J = 7.4 Hz, 2H), 8.06 (d, J = 16.1 Hz, 2H); 13C NMR (100 MHz, 
CDCl3): δ 32.3, 39.2, 123.6, 125.3, 126.8, 127.6, 128.3, 128.6, 130.6, 131.6, 
132.6, 137.7, 137.9, 149.7, 190.7; IR (KBr): 3063 w, 2972 w, 1655 s, 1582 m, 
1463 m, 1298 s, 957 m, 748 m, 692 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ 
Calcd for C32H26NaO) 449.1881; Found 449.1889. 
 
 
Alkenylation Product 9b. 
Silica gel column chromatography (toluene:hexane:AcOEt = 30:5:1) 
afforded 53.8 mg (22% yield) of alkenylation product 9b as a yellow solid: 
Mp 208-210 °C; 1H NMR (400 MHz, CDCl3): δ 1.72 (s, 6H), 3.86 (s, 6H), 
6.92 (d, J = 8.8 Hz, 4H), 7.02 (d, J = 16.4 Hz, 2H), 7.46-7.56 (m, 8H), 7.65 
(d, J = 7.6 Hz, 2H), 7.94 (d, J = 16.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): 
δ 32.3, 39.2, 55.3, 114.1, 123.1, 125.1, 126.1, 128.1, 130.4, 130.6, 131.4, 
132.7, 138.1, 149.6, 159.3, 191.1; IR (KBr) 3058 w, 3007 w, 2956 w, 2836 
w, 1656 s, 1605 m, 1576 m, 1510 s, 1245 s, 1175 s, 1029 s, 957 m, 829 m, 
702 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C34H30NaO3 
509.2093; Found 509.2088. 
 
 
Alkenylation Product 9e. 
Silica gel column chromatography (hexane:AcOEt = 10:1) afforded 30.6 
mg (11% yield) of alkenylation product 9e as a white solid: Mp 205-206 °C; 
1H NMR (400 MHz, CDCl3): δ 1.75 (s, 6H), 7.00 (d, J = 16.5 Hz, 2H), 7.54-
7.66 (m, 14H), 8.12 (d, J = 16.1 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 
32.6, 39.3, 124.2 (q, J = 275.9 Hz), 124.6, 125.6 (q, J = 3.7 Hz), 125.9, 
126.8, 129.2, 129.4 (q, J = 31.9 Hz), 131.5, 132.0, 132.2, 137.8, 141.2, 
150.0, 190.1; IR (KBr): 3067 w, 2966 w, 2926 w, 1651 m, 1613 w, 1583 w, 
1472 w, 1412 w, 1330 s, 1158 s, 1128 s, 1110 s, 1069 s, 1016 w, 958 w, 947 
w, 832 m, 666 w, 594 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
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C34H24F6NaO 585.1629; Found 585.1626. 
 
Preparation of Acetophenone Derivatives Possesing Two Different Oxygen Functional Groups 
 
General Procedure for Preparation of Acetophenone Derivatives 10a-d 
The arylation was performed using a procedure similar to the one for the arylation of phenol 
derivatives reported by Song and coworkers.108  
 
An oven-dried 50 mL two-necked flask equipped with a reflux condenser was charged with 1.66 g 
of 2’-hydroxy-6’-methoxyacetophenone (10.0 mmol), 0.95 g of CuI (5.0 mmol) and 3.9 g of Cs2CO3 
(12 mmol). To this flask, aryl halide (ArX: X = Br, I) (15 mmol), 0.2 mL of 2,2,6,6-tetramethylheptane-
3,5-dione (1 mmol) and 20 mL of DMF were added, and then the resulting mixture was warmed to 
120 °C. After stirring for 24 h, the reaction mixture was cooled to room temperature and diluted with 
Et2O. Then the solution was filtered, and the filtrate was washed with aqueous solution of 2 M HCl, 2 
M NaOH, H2O, and brine. The resulting solution was dried over Na2SO4, filtered and concentrated. 
The crude material was purified by silica gel column chromatography.  
 
 
Acetophenone Derivative 10a. 
The general procedure (iodobenzene was used as ArX) was followed except that 
the reaction was conducted in 40 mmol scale (based on the amount of the phenol 
derivative). Silica gel column chromatography (hexane:AcOEt = 10:1) afforded 
6.91 g (71% yield) of arylation product 10a as a white solid: Mp 55-58 °C; 1H 
NMR (400 MHz, CDCl3): δ 2.51 (s, 3H), 3.85 (s, 3H), 6.48 (d, J = 8.0 Hz, 1H), 
6.68 (d, J = 8.0 Hz, 1H), 7.01 (d, J = 8.0 Hz, 2H), 7.10 (t, J = 7.6 Hz, 1H), 7.23 (t, 
J = 8.0 Hz, 1H), 7.32 (t, J = 8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 32.3 , 
55.9 , 106.0 , 111.0, 118.9, 118.9, 123.6, 129.7, 130.6, 154.2, 156.7, 157.1, 201.5; 
IR (KBr) 3064 w, 3009 w, 2942 w, 2840 w, 1707 s, 1601 s, 1582 s, 1242 s, 1210 s, 
1085 s, 768 m, 753 m, 736 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 





Acetophenone Derivative 10b. 
4-Bromobenzotrifluoride was used as ArX. Silica gel column 
chromatography hexane:AcOEt = 15:1) afforded 2.67g (86% yield) of 
arylation product 10b as a white solid: Mp 52-53 °C; 1H NMR (400 
MHz, CDCl3): δ 2.48 (s, 3H), 3.87 (s, 3H), 6.57 (d, J = 8.4 Hz, 1H), 
6.77 (d, J = 8.2 Hz, 1H), 7.04 (d, J = 9.0 Hz, 2H), 7.31 (t, J = 8.8 Hz, 
1H), 7.57 (d, J = 9.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 32.2, 
55.9, 107.2, 112.3, 117.8, 124.1 (q, J = 271.5 Hz), 124.3, 125.1 (q, J 
= 32.9 Hz), 127.1 (q, J = 3.7 Hz), 131.0, 152.4, 157.3, 160.1, 200.8; 
IR (KBr): 2945 w, 2843 w, 1707 s, 1603 s, 1583 s, 1468 s, 1326 s, 
1244 s, 1065 s, 841 m, 736 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ 
Calcd for C16H13F3O3 311.0895; Found 311.0903. 
 
 
Acetophenone Derivative 10c. 
p-Bromotoluene was used as ArX. Silica gel column chromatography 
(hexane:AcOEt = 15:1) afforded 1.89 g (74 % yield) of arylation product 
10c as a yellow oil: 1H NMR (400 MHz, CDCl3): δ 2.32 (s, 3H), 2.51 (s, 
3H), 3.84 (s, 3H), 6.44 (d, J = 8.4 Hz, 1H), 6.64 (d, J = 8.4 Hz, 1H), 6.91 (d, 
J = 8.8 Hz, 2H), 7.12 (d, J = 8.4, 2H), 7.20 (t, J = 8.4 Hz, 1H); 13C NMR 
(100 MHz, CDCl3): δ 20.6, 32.2, 55.8, 105.6, 110.4, 119.0, 123.0, 130.1, 
130.5, 133.2, 154.2, 154.7, 157.0, 201.5; IR (neat): 3031 w, 3000 w, 2941 w, 
2839 w, 1706 s, 1600 s, 1241 s, 1210 s, 1084 s, 783 m, 733 m cm-1; HRMS 




Acetophenone Derivative 10d. 
p-Bromoanisole was used as ArX. Silica gel column chromatography 
(hexane:AcOEt = 10:1) afforded 1.45 g (53% yield) of arylation product 
10d as a yellow oil: 1H NMR (400 MHz, CDCl3): δ 2.53(s, 3H), 3.78 (s, 
3H), 3.83 (s, 3H), 6.38 (d, J = 8.4 Hz, 1H), 6.62 (d, J = 8.0 Hz, 1H), 6.86 
(d, J = 9.6 Hz, 2H), 6.97 (d, J = 8.8, 2H), 7.18 (t, J = 8.4 Hz, 1H); 13C NMR 
(100 MHz, CDCl3): δ 32.4, 55.6, 55.9, 105.3, 109.7, 114.8, 120.8, 122.5, 
130.5, 149.7, 155.5, 156.1, 157.0, 201.8; IR (neat): 3007 w, 2947 w, 2838 
w, 1707 s, 1505 s, 1465 s, 1236 s, 1207 s, 1086 s, 969 w, 783 m, 732 m, 




Preparation of Acetophenone Derivative 10f 
The alkylation was performed using a procedure similar to the one for the synthesis of 
isopropoxybenzene reported by Storey and coworkers.109  
 
An oven-dried 50 mL two-necked flask equipped with a reflux condenser was charged with 0.67 g 
of 2’-hydroxy-6’-methoxyacetophenone (4 mmol), 0.20 g of NaOH (4.8 mmol), 0.60 g of 2-
bromopropane (75 mmol) and 2 mL of DMF. This solution was warmed to 70 °C and stirred for 16 h. 
After the reaction, the mixture was extracted with Et2O three times. Combined organic portions were 
washed with H2O and brine, quickly dried over Na2SO4, filtered and concentrated. Purification of the 
crude material by silica gel column chromatography (hexane:AcOEt = 15:1) afforded acetophenone 
derivative 10f in 0.593 g (71% yield) as a colorless oil: 1H NMR (400 MHz, CDCl3): δ 1.31 (d, J = 
6.3 Hz, 6H), 2.47 (s, 3H), 3.79 (s, 3H), 4.54 (sept, J = 6.3 Hz, 1H), 6.51 (d, J = 8.2 Hz, 1H), 6.55 (d, 
J = 8.2 Hz, 1H), 7.20 (t, J = 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 22.0, 32.3, 55.8, 70.9, 103.6, 
106.3, 121.9, 130.3, 155.2, 156.7, 203.0; IR (neat): 2978 m, 2935 m, 2840 w, 1708 s, 1594 s, 1469 s, 
1438 s, 1349 s, 1286 s, 1252 s, 1102 s, 980 w, 781 m, 733 m, 595 w cm-1; Anal. calcd for C12H16O3: 
C, 69.21; H, 7.74. Found: C, 69.08; H; 7.73 
 
Preparation of Acetophenone Derivative 10g  
 
An oven-dried 50 mL two-necked flask equipped with a reflux condenser was charged with 0.671 g 
of 2’-hydroxy-6’-methoxyacetophenone (4 mmol), 663 mg of K2CO3 (7.2 mmol), 1.01 g of 2,2,2-
trifluoro-1-iodoethane (5.6 mmol), and 2 mL of DMF. This solution was warmed to 100 °C and stirred 
for 14.5 h. After the reaction, the mixture was extracted with Et2O three times. Combined organic 
portions were washed with H2O and brine, quickly dried over Na2SO4, filtered and concentrated. 
Purification of the crude material by silica gel column chromatography (hexane:AcOEt = 15:1) 
afforded acetophenone derivative 10g in 489 mg (49% yield) as a white solid: Mp 53-55 °C; 1H NMR 
(400 MHz, CDCl3): δ 2.49 (s, 3H), 3.82 (s, 3H), 4.36 (q, J = 8.2 Hz, 2H), 6.53 (d, J = 8.2 Hz, 1H), 
6.66 (d, J = 8.2 Hz, 1H), 7.29 (t, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 31.6, 55.5, 66.0 (q, 
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J = 35.7 Hz), 105.1, 105.6, 121.2, 122.9 (q, J = 278.1 Hz), 130.6, 153.4, 156.5, 201.1; IR (KBr): 3017 
w, 2975 w, 2846 w, 1711 s, 1599 s, 1476 s, 1464 s, 1438 s, 1355 w, 1279 s, 1248 s, 1158 s, 1126 s, 
1057 m, 974 m, 857 m, 777 m, 730 m, 653 w, 590 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C11H11F3NaO3 271.0558; Found 271.0562. 
 
Preparation of 2’-Ethoxy-6’-hydroxyacetophenone 
 
An oven-dried 50 mL two-necked flask equipped with a reflux condenser was charged with 1.52 g 
of 2’,6’-dihydroxyacetophenone (10 mmol), 1.38 g of K2CO3 (10 mmol), 1.09 g of EtBr (10 mmol) 
and 10 mL of acetone. This solution was warmed to 55 °C and stirred for 8 h. After the reaction, 
acetone and EtBr were removed in vacuo, and an aqueous solution of 2 M NaOH was introduced to 
the mixture, which was then extracted three times with Et2O. Combined organic portions were washed 
with brine, quickly dried over Na2SO4, filtered and concentrated. Purification of the crude material by 
silica gel column chromatography (hexane:AcOEt = 10:1) afforded 2’-ethoxy-6’-
hydroxyacetophenone in 953 mg (53% yield) as a white solid: Mp 84-85 °C; 1H NMR (400 MHz, 
CDCl3): δ 1.50 (t, J = 4.6 Hz, 3H), 2.70 (s, 3H), 4.12 (q, J = 4.6 Hz, 2H), 6.36 (d, J = 8.2 Hz, 1H), 
6.55 (d, J = 8.2 Hz, 1H), 7.30 (t, J = 8.2 Hz, 1H), 13.3 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 14.7, 
33.9, 64.4, 101.7, 110.4, 111.3, 136.1, 160.9, 164.6, 205.2; IR (KBr): 3478 w, 3006 w, 2980 m, 2931 
m, 2901 m, 1615 s, 1454 s, 1397 m, 1368 s, 1345 s, 1303 s, 1257 s, 1238 s, 1174 m, 1113 m, 1078 s, 
1026 m, 964 m, 857 m, 794 s, 740 m, 640 m, 529 m cm-1; HRMS (ESI-TOF) m/z: [M–H]– Calcd for 
C10H11O3 179.0708; Found 179.0719. 
 
Preparation of Acetophenone Derivative 10h 
 
An oven-dried 50 mL two-necked flask equipped with a reflux condenser was charged with 720 mg 
of 2’-ethoxy-6’-hydroxyacetophenone (4 mmol), 663 mg of K2CO3 (4 mmol), 1.01 g of 2,2,2-trifluoro-
1-iodoethane (4.8 mmol) and 4 mL of DMF. This solution was warmed to 100 °C and stirred for 14 h. 
After the reaction, the mixture was extracted three times with Et2O. Combined organic portions were 
washed with H2O and brine, quickly dried over Na2SO4, filtered and concentrated. Purification of the 
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crude material by silica gel column chromatography (hexane:AcOEt = 5:1) afforded acetophenone 
derivative 10h in 522 mg (50% yield) as a colorless oil: 1H NMR (400 MHz, CDCl3): δ 1.37 (t, J = 
7.1 Hz, 3H), 2.49 (s, 3H), 4.05 (q, J = 7.1 Hz, 2H), 4.35 (q, J = 8.2 Hz, 2H), 6.51 (d, J = 8.2 Hz, 1H), 
6.64 (d, J = 8.2 Hz, 1H), 7.26 (t, J = 8.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 14.6, 32.0, 64.3, 
66.7 (q, J = 35.9 Hz), 105.5, 106.8, 122.1, 123.1 (q, J = 278.1 Hz), 130.7, 154.2, 156.3, 201.5; IR 
(neat): 2985 w, 1709 s, 1599 s, 1465 s, 1353 m, 1275 s, 1245 s, 1167 s, 1126 s, 1056 m, 972 m, 854 w, 
780 m, 731 m, 593 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C12H13F3KO3 301.0454; Found 
301.0454. 
 
General Procedure for Chemoselective C–O Alkenylation of Acetophenone Derivatives 10a-d  
 
In a glove box, acetophenone derivative 10 (0.5 mmol), alkenylboronate 2a (1.5 mmol), complex 6 
(0.03 mmol), CsF (0.06 mmol), and 0.5 mL of p-xylene were placed in an oven-dried 20 mL Schlenk 
flask containing a magnetic stirring bar. The mixture was heated at 140 °C for 8 h. The progresss of 
the reaction was monitored by 1H NMR analysis. The crude material was passed through a basic 
aluminium oxide column to remove the remaining alkenylboronate. Further purification of the major 
product was performed by silica gel column chromatography (hexane:AcOEt = 15:1), GPC and 
recrystallization from hexane. 
 
 
Alkenylation Product 11a. 
White solid; Mp 86-88 °C; 1H NMR (400 MHz, CDCl3): δ 2.58 (s, 3H), 6.79 (d, J = 
8.4 Hz, 1H), 7.03 (d, J = 8.8 Hz, 2H), 7.10-7.15 (m, 3H), 7.30 (t, J = 8.0 Hz, 2H), 
7.32-7.38 (m, 4H), 7.45 (d, J = 7.6 Hz, 1H), 7.49 (d, J = 7.2 Hz, 2H); 13C NMR (100 
MHz, CDCl3): δ 32.7, 111.7, 118.9, 120.8, 123.8, 124.6, 126.8, 128.1, 128.7, 129.9, 
130.3, 132.2, 132.8, 136.1, 136.8, 153.9, 156.6, 204.2; IR (KBr): 3059 w, 3036 w, 
1698 s, 1490 s, 1458 m, 1237 s, 960 m, 753 m, 740 m, 692 m cm-1; HRMS (ESI-






Alkenylation Product 11b. 
White solid; Mp 103-104 °C; 1H NMR (400 MHz, CDCl3): δ 2.55 (s, 3H), 
6.87 (d, J = 7.8 Hz, 1H), 7.07 (d, J = 8.6 Hz, 1H), 7.10 (s, 2H), 7.29 (t, J = 
7.4 Hz, 1H), 7.35-7.40 (m, 3H), 7.49 (d, J = 7.4 Hz, 2H), 7.54 (d, J = 7.4 
Hz, 1H), 7.59 (d, J = 8.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 32.7, 
117.9, 118.5, 122.1, 124.0 (q, J = 271.5 Hz), 124.2, 125.5 (q, J = 32.9 Hz), 
126.9, 127.3 (q, J = 3.7 Hz), 128.3, 128.7, 130.5, 132.8, 133.6, 136.5, 
136.6, 152.2, 159.8, 203.7; IR (KBr): 3071 w, 3036 w, 2922 w, 1696 s, 1564 
s, 1511 s, 1458 s, 1323 s, 1237 s, 1163 s, 1120 s, 1063 s, 959 s, 862 s, 789 
m, 689 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C23H17F3NaO2 
405.1078; Found 405.1086. 
 
 
Alkenylation Product 11c. 
White solid; Mp 87-88 °C; 1H NMR (400 MHz, CDCl3): δ 2.34 (s, 3H), 
2.59 (s, 3H), 6.75 (d, J = 8.2 Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 
7.1 Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 7.29 (d, J = 7.8 Hz, 2H), 7.36 (t, J = 
7.4 Hz, 2H), 7.43 (d, J = 7.8 Hz, 1H) 7.49 (d, J = 7.4 Hz, 2H); 13C NMR 
(100 MHz, CDCl3): δ 20.7, 32.7, 116.7, 119.0, 120.4, 124.7, 126.8, 128.1, 
128.7, 130.2, 130.4, 132.1, 132.4, 133.5, 136.0, 136.8, 154.1, 154.5, 204.4; 
IR (KBr): 3040 w, 2921 w, 1693 s, 1505 s, 1239 s, 1204 m, 959 m, 789 m, 
753 m, 733 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C23H20NaO2 351.1361; Found 351.1371. 
 
 
Alkenylation Product 11d. 
White solid; Mp 85-87 °C ; 1H NMR (400 MHz, CDCl3) δ 2.61 (s, 3H), 
3.80 (s, 3H), 6.69 (d, J = 8.6 Hz, 1H), 6.89 (d, J = 9.0 Hz, 2H), 6.99 (d, J 
= 9.0 Hz, 2H), 7.10 (d, J = 7.4, 2H), 7.23-7.30 (m, 2H), 7.36 (t, J = 7.4 Hz, 
2H), 7.40 (d, J = 7.8 Hz, 1H), 7.49 (d, J = 7.4 Hz, 2H); 13C NMR (100 
MHz, CDCl3) δ 32.7, 55.6, 114.9, 115.8, 120.0, 120.7, 124.7, 126.8, 128.1, 
128.7, 130.1, 132.0, 132.1, 135.9, 136.8, 149.6, 155.2, 156.2, 204.5; IR 
(KBr) 3013 w, 2963 w, 2840 w, 1702 s, 1566 m, 1507 s, 1452 m, 1351 m, 
1235 s, 1099 m, 1029 m, 961 m, 841 m, 786 m, 738 m, 695 m cm-1; HRMS 






General Procedure for Chemoselective C–O Alkenylation of Acetophenone Derivatives 10e-h 
 
In a glove box, acerophenone derivative 10 (0.5 mmol), alkenylboronate 2a (1.0 mmol), complex 6 
(0.02 mmol), CsF (0.04 mmol), and 0.5 mL of p-xylene were placed in an oven dried 20 mL Schlenk 
flask containing a magnetic stirring bar. The mixture was heated at 140 °C. After the reaction, the 
volatile materials were removed by rotary evaporation. The crude material was passed through a basic 
aluminium oxide column to remove the remaining styrylboronate. Further purification of the products 
were performed by silica gel column chromatography, followed by gel permeation chromatography 
(GPC), if necessary. 
 
 
Alkenylation Product 11e. 
Silica gel column chromatography (hexane:AcOEt = 20:1) afforded 66.1 mg (50% 
yield) of alkenylation product 11e as a colorless oil: 1H NMR (400 MHz, CDCl3): δ 
1.40 (t, J = 6.8 Hz, 3H), 2.55 (s, 3H), 4.07 (q, J = 6.8 Hz,, 2H), 6.81 (dd, J = 6.6, 2.4 
Hz, 1H), 7.06 (s, 2H), 7.24-7.31 (m, 3H), 7.34 (t, J = 7.6, 2H), 7.46 (d, J = 8.0 Hz, 
2H); 13C NMR (100 MHz, CDCl3): δ 14.6, 32.6, 64.0, 110.6, 117.8, 124.9, 126.7, 
127.9, 128.6, 130.0, 130.8, 131.6, 135.1, 136.9, 155.6, 205.4; IR (neat): 3025 w, 2980 
w, 2932 w, 1697 s, 1570 s, 1238 m, 963 m, 786 m, 736 m cm-1; HRMS (ESI-TOF) 




Alkenylation Product 11f. 
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 112 mg (80% 
yield) of alkenylation product 11f as a colorless oil: 1H NMR (400 MHz, CDCl3): δ 
1.32 (d, J = 6.0, 6H), 2.53 (s, 3H), 4.57 (sept, J = 6.0 Hz, 1H), 6.80 (dd, J = 6.4, 2.4 
Hz, 1H), 7.05 (d, J = 2.8 Hz, 2H), 7.23-7.28 (m, 3H), 7.33 (dd, J = 8.0, 7.2 Hz, 2H), 
7.46 (d, J = 6.8 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 21.9, 32.6, 70.6, 112.0, 
117.6, 124.9, 126.7, 127.8, 128.5, 129.9, 131.5, 131.7, 135.3, 136.9, 154.5, 205.5; 
IR (neat): 3059 m, 2977 s, 2931 m, 1699 s, 1569 s, 1463 s, 1384 m, 1250 s, 965 m, 
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787 m, 739 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C19H20NaO2 
303.1361; Found 303.1353. 
 
 
Alkenylation Product 11g. 
Silica gel column chromatography (hexane:AcOEt = 20:1) followed by GPC 
afforded 97.0 mg (61%) of alkenylation product 11g as a white solid: Mp 107-
107 °C; 1H NMR (400 MHz, CDCl3): δ 2.55 (s, 3H), 4.39 (q, J = 7.8 Hz, 2H), 
6.79 (d, J = 8.2 Hz, 1H), 7.06 (s, 2H), 7.29 (d, J = 7.4 Hz, 1H), 7.33-7.37 (m, 
3H), 7.41 (d, J = 7.4 Hz, 1H), 7.47 (d, J = 7.1 Hz, 2H); 13C NMR (100 MHz, 
CDCl3): δ 32.6, 66.2 (q, J = 36.2 Hz), 110.9, 120.1, 123.1 (q, J = 278.1 Hz), 
124.3, 126.9, 128.3, 128.7, 130.2, 131.3, 132.6, 136.1, 136.7, 153.7, 204.2; IR 
(KBr): 3080 w, 3040 w, 3023w, 2956 w, 1672 s, 1576 s, 1460 s, 1274 s, 1243 s, 
1162 s, 1150 s, 1100 s, 982 s, 957 s, 857 m, 782 s, 733 s, 689 s, 608 w cm-1; 




Preparation of Acetophenone Derivative Possesing Methoxy and N,N-Dimethylamino Groups 
Preparation of 3-Methoxy-N,N-dimethylaniline 
 
An oven dried 50 mL two-necked flask equipped with reflux condenser was charged with 2.85 g of 
m-anisidine (23.1 mmol), 3.34 g of Na2CO3 (31.5 mmol), 8.15 g of MeI (5.6 mmol), and 20 mL of 
EtOH. This solution was warmed to 60 °C and stirred for 4 h. After this period, the mixture was 
extracted with Et2O three times. Combined organic portions were washed with aqueous solution of 2 
M NaOH, H2O and brine, quickly dried over Na2SO4, filtered and concentrated. Purification of the 
crude material by silica gel column chromatography (hexane:AcOEt = 10:1) afforded the 
dimethylation product in 1.74 g (50% yield). The analytical data for this compound are in good 





Procedure for Preparation of Acetophenone Derivative 13 
 
To a stirring solution of 3.0 g of 3-methoxy-N,N-dimethylaniline (20 mmol) in THF at 0 °C was 
added 15 mL of nBuLi in hexane (1.63 M, 24.5 mmol) dropwise and the mixture was gradually warmed 
to 60 °C. After stirred for 3 h, the resulting mixture was cooled to -78 °C. To a suspension of 1.9 g of 
CuI (10 mmol) in 15 mL of THF was added the lithiation solution above at -78°C by Schlenk technique, 
and stirred for 15 min. Then, 1.5 mL of acetylchloride (22 mmol) was introduced dropwise to the 
mixture and stirred for 2 h. After this period, water was added to the mixture and neutralized with 
aqueous solution of NH4Cl, which was then extracted with Et2O three times, and combined organic 
portions were washed with H2O and brine, quickly dried over Na2SO4, filtered and concentrated. 
Purification of the crude material by silica gel column chromatography (hexane:AcOEt = 15:1) 
afforded acylation product 13 in 2.10 g (55% yield). The analytical data for 13 are in good agreement 
with those reported in literature.111 
 
General Procedure for Selective C–N Alkenylation of Acetophenone Derivative 13 
 
In a glove box, acetophenone derivative 13 (0.5 mmol), alkenylboronate 2 (1.0 mmol), complex 6 
(0.02 mmol), CsF (0.04 mmol), and 0.5 mL of p-xylene were placed in an oven dried 20 mL Schlenk 
flask containing a magnetic stirring bar. The mixture was heated at 140 °C. After the reaction, the 
volatile materials were removed by rotary evaporation. The crude material was passed through a basic 
aluminium oxide column to remove the remaining alkenylboronate. Further purification of the 





Alkenylation Product 3a.  
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 113 mg 
(90% yield) of alkenylation product 3a as a white solid. The analytical data for 




Alkenylation Product 3b.  
Silica gel column chromatography (hexane:AcOEt = 15:1) and GPC 
afforded 103 mg (72% yield) of alkenylation product 3b. The analytical 




Alkenylation Product 3e. 
Silica gel column chromatography (hexane:CH2Cl2 = 1:1 to 0:1) afforded 
104 mg (75% yield) of alkenylation product 3e. The analytical data for 3e 
are in good agreement with those shown above 
 
 
Preparation of 2, 4, 6, 3’, 5’-Tetramethoxybenzophenone 14b 
 
To a stirring solution of 471 mg of trimethoxybenzene (2.8 mmol) in 1.5 mL of THF at 0 °C was 
added 1.8 mL of nBuLi in hexane (1.45 M, 2.6 mmol) dropwise. After stirred for 3 h, the resulting 
mixture was cooled to -78 °C. To a solution of 0.40 g of 3’,5’-dimethoxybenzoylchloride (2.0 mmol) 
in 1.5 mL of THF was added the lithiation solution above at -78°C by Schlenk technique and stirred 
for 2 h. After this period, aqueous solution of 2 M HCl was introduced to the mixture and white 
precipitate was generated. Solution was then extracted with Et2O and three times, and combined 
organic portions were washed with H2O and brine, quickly dried over Na2SO4. The white precipitate 
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above was resolved and extracted with CH2Cl2 and quickly dried over Na2SO4. Each organic portion 
were combined, filtered and concentrated. Purification of the crude material by silica gel column 
chromatography (hexane:AcOEt = 5:1 to 2:1) afforded acylation product 14b in 95% yield (626 mg) 
as a white solid: Mp 133-134 °C; 1H NMR (400 MHz, CDCl3) δ 3.70 (s, 6H), 3.80 (s, 6H), 3.86 (s, 
3H), 6.16 (s, 2H), 6.64 (t, J = 2.4 Hz, 1H), 7.01 (d, J = 2.0 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 
55.4, 55.4, 55.7, 90.5, 105.3, 107.1, 110.7, 140.1, 158.5, 160.6, 162.3, 194.7; IR (KBr): 3009 w, 2965 
w, 2941 w, 2841 w, 1664 m, 1607 s, 1591 s, 1460 m, 1425 m, 1357 m, 1301 m, 1227 m, 1207 s, 1158 
s, 1128 s, 990 m, 816 m, 475 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C18H20NaO6 
355.1158; Found 355.1159. 
 
General Procedure for Monoalkenylation of Benzophenone Derivative 14 
 
 
In a glove box, benzophenone derivative 14 (0.5 mmol), alkenylboronate 2 (1.5 mmol), complex 6 
(0.02 mmol), CsF (0.04 mmol), styrene (1.0 mmol) and 0.5 mL of p-xylene were placed in an oven 
dried 20 mL Schlenk flask containing a magnetic stirring bar. The mixture was heated at 130-140 °C 
for 4-5 h. After the reaction, the volatile materials were removed by rotary evaporation. The crude 
material was passed through a basic aluminium oxide column to remove the remaining 




Alkenylation Product 15a. 
The reaction performed at 140 °C for 5 h. Silica gel column chromatography 
(hexane:AcOEt = 5:1) afforded 104 mg (60% yield) of alkenylation product 
15a as a white solid: Mp 129-130 °C; 1H NMR (400 MHz, CDCl3): δ 3.67 
(s, 3H), 3.93 (s, 3H), 6.46 (s, 1H), 6.90 (d, J = 15.6 Hz, 2H), 7.04 (d, J = 
16.5 Hz, 1H), 7.18-7.32(m, 5H), 7.42 (t, J = 7.6 Hz, 2H), 7.54 (t, J = 7.4 Hz, 
1H), 7.84 (d, J = 7.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 55.5, 55.7, 
98.0, 101.3, 121.6, 125.2, 126.7, 127.9, 128.4, 128.5, 129.4, 131.4, 133.2, 
136.7, 137.4, 138.3, 158.4, 161.3, 197.4; IR (KBr): 3019 w, 2363 w, 1659 s, 
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1596 s, 1577 s, 1448 m, 1416 w, 1350 w, 1277 m, 1253 m, 1204 m, 1162 s, 
1135 m, 1077 m, 957 m, 921 w, 826 m, 722 m, 690 m, 599 w cm-1; HRMS 





Alkenylation Product 15b. 
The reaction performed at 140 °C for 5 h. Silica gel column 
chromatography (hexane:AcOEt = 5:1) afforded 116 mg (57% yield) 
of alkenylation product 15b as a white solid: Mp 163-164 °C; 1H NMR 
(400 MHz, CDCl3): δ 3.68 (s, 3H), 3.79 (s, 6H), 3.91, (s, 3H), 6.44 (d, 
J = 2.4 Hz, 1H), 6.63 (t, J = 2.4 Hz, 1H), 6.88 (d, J = 15.6 Hz, 2H), 
6.99-7.06 (m, 3H), 7.20 (t, J = 7.2 Hz, 1H), 7.24-7.28(m, 2H), 7.33 (d, 
J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 55.5, 55.5, 55.8, 98.0, 
101.2, 105.6, 107.3, 121.5, 125.1, 126.7, 127.9, 128.5, 131.4, 136.7, 
137.3, 140.3, 158.3, 160.7, 161.3, 197.2; IR (KBr): 3101 w, 3003 w, 
2940 w, 2838 w, 1666 s, 1596 s, 1570 s, 1452 s, 1427 s, 1355 s, 1319 
s, 1299 s, 1230 m, 1206 s, 1157 s, 1081 s, 1067 s, 989 s, 973 m, 959 
m, 849 m, 813 m, 742 m, 694 m, 634 m cm-1; HRMS (ESI-TOF) m/z: 




Alkenylation Product 15c. 
The general procedure was followed except that 0.6 mL of styrene was 
used. The reaction performed at 130 °C for 4 h. Silica gel column 
chromatography (toluene:hexane:AcOEt = 30:5:1) afforded 147 mg 
(68% yield) of alkenylation product 15c as a white solid. The 







Alkenylation Product 16a. 
Silica gel column chromatography (hexane:AcOEt = 5:1) afforded 47.2 mg 
(22% yield) of alkenylation product 16a as a white solid: Mp 155-157 °C; 
1H NMR (400 MHz, CDCl3): δ 3.97 (s, 3H), 6.88 (d, J = 16.0 Hz, 2H), 7.02 
(d, J = 15.6 Hz, 2H), 7.21-7.27 (m, 12H), 7.42 (t, J = 7.8 Hz, 2H), 7.53 (t, J 
= 7.6 Hz, 1H), 7.84 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 
55.5, 109.9, 125.5, 126.7, 127.9, 128.5, 128.8, 129.8, 131.2, 131.5, 133.7, 
136.7, 137.1, 138.3, 160.1, 199.7; IR (KBr): 3035 w, 3002 w, 2984 w, 2924 
w, 2835 w, 1666 s, 1590 s, 1495 m, 1447 m, 1311 s, 1274 s, 1161 s, 1130 m, 
1049 m, 955 s, 923 s, 737 m, 714 m, 691 m, 602 m cm-1; HRMS (ESI-TOF) 




Alkenylation Product 16b. 
Silica gel column chromatography (hexane:AcOEt = 5:1) afforded 
41.2 mg (17% yield) of alkenylation product 16b as a white solid: Mp 
156-158 °C; 1H NMR (400 MHz, CDCl3): δ 3.77 (s, 6H), 3.96 (s, 3H), 
6.62 (t, J = 2.4 Hz, 1H), 6.87 (t, J = 16.0 Hz, 2H), 6.98 (d, J = 2.4 Hz, 
2H), 7.02 (d, J = 16.0 Hz, 2H), 7.19 (s, 2H), 7.22 (t, J = 6.8 Hz, 2H), 
7.25-7.31 (m, 8H); 13C NMR (100 MHz, CDCl3): δ 55.5, 55.6, 106.0, 
107.6, 109.9, 125.4, 126.7, 127.9, 128.5, 131.2, 131.5, 136.8, 137.0, 
140.3, 160.1, 160.9, 199.5; IR (KBr): 3026 w, 2963 w, 2936 w, 2836 
w, 1663 m, 1588 s, 1456 m, 1318 s, 1201 m, 1157 s, 1064 m, 966 m, 
737 w, 693 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 




Alkenylation Product 16c. 
The general procedure was followed except that 0.6 mL of styrene was 
used. The reaction performed at 130 °C for 4 h. Silica gel column 
chromatography (toluene:hexane:AcOEt = 30:5:1) afforded 30.0 mg 
(11% yield) of alkenylation product 16c as a white solid: Mp 167-
168 °C; 1H NMR (400 MHz, CDCl3): δ 3.77 (s, 6H), 3.79 (s, 6H), 3.95 
(s, 3H), 6.62 (t, J = 2.4 Hz, 1H), 6.72 (d, J = 15.7 Hz, 2H), 6.81 (d, J 
= 9.0 Hz, 4H), 6.94-6.98 (m, 4H), 7.14 (s, 2H), 7.23-7.26 (m, 4H); 13C 
NMR (100 MHz, CDCl3): δ 55.3, 55.5, 55.6, 106.0, 107.6, 109.3, 
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114.0, 123.3, 128.0, 129.7, 130.8, 130.9, 137.3, 140.3, 159.5, 160.0. 
160.9, 199.7; IR (KBr): 3004 m, 2935 m, 2836 m, 1660 s, 1590 s, 1511 
s, 1458 m, 1425 m, 1354 s, 1307 s, 1247 s, 1205 s, 1177 s, 1156 s, 
1062 m, 1032 m, 968 m, 843 m, 764 w, 602 w, 531 w, 520 w cm-1; 




Reduction of Alkenylated Benzophenone Deriveative 15c 
 
An oven dried 10 mL Schlenk flask, containing 130 mg of alkenylated benzophenone derivative 15c 
in 1 mL of THF, was cooled at 0 °C. To this solution, 0.6 mL of THF solution of 1 M LiEt3BH (0.6 
mmol) was added dropwise, and the mixture was gradually warmed to room temperature. After stirring 
for 1 h (progresss of the reaction was monitored by TLC analysis), water was introduced to the mixture 
at 0°C and neutralized with aqueous solution of 1 M HCl. The resulting mixture was then extracted 
three times with Et2O. The combined organic portions were washed with H2O and brine, dried over 
Na2SO4, filtered and concentrated. Further purification of the product by silica gel column 
chromatography (hexane:AcOEt = 2:1) afforded desired reduction product 20 was isolated 





For § 2 
Solvent and Materials 
Unless otherwise noted, all reactions were carried out under nitrogen and all commercial reagents 
were used without further purification. RuH(OAc)(CO)(PCy3)2,112 RuHCl(CO)(PCy3)2,113 
RuHCl(CO)(PiPr3)2 (21a),85a aromatic ketone 23a114 was prepared by according to the literature 
procedure. Anhydrous toluene and CH2Cl2 were purchased from Kanto Chemical Co. Inc and passed 
through solvent purification columns (Glass Counter Solvent purification system). 98% HCO2H and 
AgNO3 were purchased from Kanto Chemical Co. Inc and used as received. Anhydrous MeOH, MeCN, 
and benzoyl chloride were purchased from Wako Pure Chemical Industries, Ltd. and used as received. 
Styrene and 4-methoxy-4-methylpentan-2-one were dried from CaH2 and distilled under nitrogen. CsF, 
iPrOH, tBuOH, 2’,4’,6’-trimethoxybenzoic acid, and K2S2O8 were purchased from Nacalai Tesque, 
Inc and used as received. Tert-butyl 2,2,2-trichloroacetimidate was purchased from Sigma-Aldrich Co. 
LLC. and used as received. Arylboronates were prepared from arylboronic acids and 2,2-dimethyl-
1,3-propanediol in Et2O.  
 
Preparation of RuH(OAc)(CO)(PiPr3)2 
The synthesis of RuH(OAc)(CO)(PiPr3)2 was performed using a similar procedure to the one reported 
by Werner and coworkers.85a  
 
To a solution of 179 mg of RuHCl(CO)(PiPr3)2 (0.369 mmol) in 12.5 mL of MeOH was added 43.6 
mg of KOAc (0.644 mmol). The mixture was stirred for 3 h at room temperature. The solvent was 
evaporated in vacuo, the residue was extracted twice with 5 mL of benzene. The combined extracts 
were concentrated to ca. 0.25 mL in vacuo, and addition of MeOH gave a black precipitate. The 
precipitate was removed by filtration, and the filtrates were evaporated to dryness in vacuo to afford 
RuH(OAc)(CO)(PiPr3)2 (110 mg, 58%) as a cream powder. The analytical data for this complex are in 





Preparation of Arylboronate 18o 
 
A 200 mL round-bottom flask was charged with 1.4 g of arylboronic acid (4.2 mmol), 0.55 g of 2,2-
dimethyl-1,3-propanediol (5.3 mmol) and 40 mL of Et2O. The mixture was stirred for 14 h at room 
temperature under air. After the reaction, 1.6 g of CaCl2 (15 mmol) was introduced to the mixture, 
which was then stirred for 1 h, filtered through Celite, and concentrated. Purification of the crude 
material by silica gel column chromatography (hexane:AcOEt = 5:1) afforded 1.7 g (quant.) of 
arylbornate 18o as a white solid: Mp 113-115 °C; 1H NMR (400 MHz, CDCl3): δ 1.01 (s, 6H), 3.74 
(s, 4H), 5.17 (s, 2H), 5.18 (s, 2H), 6.94 (d, J = 8.4 Hz, 1H), 7.28-7.39 (m, 7H), 7.43-7.45 (m, 3H), 7.48 
(d, J = 7.2 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 21.9, 31.9, 70.8, 71.1, 72.2, 113.9, 119.7, 127.2, 
127.4, 127.6, 127.7, 128.0, 128.35, 128.40, 137.3, 137.5, 148.4, 151.2 (The signal corresponding to 
the carbon atom adjacent to the boron atom was not observed probably due to the significant 
broadening caused by the coupling with the boron nuclei); IR (KBr): 3065 w, 3026 m, 2961 m, 2927 
m, 1598 s, 1515 s, 1478 s, 1454 m, 1422 s, 1376 m, 1318 s, 1272 s, 1145 s, 1126 s, 1021 s, 910 m, 879 
m, 852 m, 830 m, 812 m, 789 m, 739 s, 697 s, 681 s, 652 m, 563 w, 490 w, 480 w cm-1; Anal. calcd 
for C25H27BO4: C, 74.64; H, 6.77. Found: C, 74.67; H; 6.65. 
 
General Procedures for Monoarylation of 2’,6’-Dimethoxyacetophenone (1) 
 
General Procedure A: In a glove box, 2’,6’-dimethoxyacetophenone (1) (0.5 mmol), arylboronate 18 
(0.6 mmol), RuHCl(CO)(PiPr3)2 (21a) (0.01 mmol), CsF (0.02 mmol), styrene (0.5 mmol), and 0.5 
mL of toluene were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture 
was heated at 80 °C for 15 min. After the reaction, volatile materials were removed by rotary 
evaporation. The crude material was passed through a basic aluminium oxide column to remove the 
remaining arylboronate. Further purification of the product was performed by silica gel column 





General Procedure B: In a glove box, 2’,6’-dimethoxyacetophenone (1) (0.5 mmol), arylboronate 18 
(0.6 mmol), RuHCl(CO)(PiPr3)2 (21a) (0.02 mmol), CsF (0.04 mmol), styrene (1.0 mmol), and 0.5 
mL of toluene were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture 
was heated at 80 °C for 1 h. After the reaction, volatile materials were removed by rotary evaporation. 
The crude material was passed through a basic aluminium oxide column to remove the remaining 
arylboronate. Further purification of the product was performed by silica gel column chromatography. 
 
General Procedure C: In a glove box, 2’,6’-dimethoxyacetophenone (1) (0.5 mmol), arylboronate 18 
(0.6 mmol), RuHCl(CO)(PiPr3)2 (21a) (0.05 mmol), CsF (0.1 mmol), styrene (2.5 mmol), and 0.5 mL 
of toluene were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture 
was heated at 60 °C for 24 h. After the reaction, volatile materials were removed by rotary evaporation. 
The crude material was passed through a basic aluminium oxide column to remove the remaining 
arylboronate. Further purification of the product was performed by silica gel column chromatography. 
 
 
Arylation product 19a 
Following the General Procedure A, 93.6 mg (83% yield) of arylation product 19a 
was obtained as a white solid after silica gel column chromatography 
(hexane:AcOEt = 20:1). Mp 62-64 °C; 1H NMR (400 MHz, CDCl3): δ 2.15 (s, 
3H), 3.86 (s, 3H), 6.94 (d, J = 8.4 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 7.33-7.40 (m, 
6H); 13C NMR (100 MHz, CDCl3): δ 32.4, 55.8, 109.8, 122.2, 127.6, 128.4, 
128.8, 129.8, 131.1, 139.7, 139.9, 155.4, 204.9; IR (KBr): 3086 w, 3059 w, 3008 
m, 2970 m, 2940 m, 2836 m, 1695 s, 1591 s, 1570 s, 1495 m, 1462 s, 1427 s, 
1350 m, 1302 s, 1279 s, 1252 s, 1240 s, 1173 m, 1121 s, 1034 m, 1016 s, 802 s, 
762s, 706 s, 595 m, 536 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C15H14NaO2 249.08915; Found 249.08918. 
 
 
Arylation product 19b 
Following the General Procedure A except that the reaction was conducted 
for 2 h, 99.6 mg (74% yield) of arylation product 19b was obtained as a 
white solid after silica gel column chromatography (hexane:AcOEt = 5:1) 
and GPC. Mp 102-104 °C; 1H NMR (400 MHz, CDCl3): δ 2.14 (s, 3H), 
2.98 (s, 6H), 3.84 (s, 3H), 6.74 (d, J = 8.0 Hz, 2H), 6.87 (d, J = 8.4 Hz, 1H), 
6.96 (d, J = 7.6 Hz, 1H), 7.23 (d, J = 8.4 Hz, 2H), 7.34 (dd, J = 8.0, 8.0 Hz, 
1H); 13C NMR (100 MHz, CDCl3): δ 32.3, 40.4, 55.8, 108.9, 112.3, 122.1, 
127.5, 129.6, 129.7, 130.8, 140.1, 149.8, 155.4, 205.5; IR (KBr): 3087 m, 
3001 m, 2965 m, 2935 m, 2805 m, 1698 s, 1610 s, 1572 s, 1523 s, 1462 s, 
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1354 s, 1250 s, 1195 m, 1170 m, 1120 s, 1030 s, 948 s, 822 s, 797 s, 751 s, 
586 m, 544 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C17H19NNaO2 292.13135; Found 292.13138. 
 
 
Arylation product 19c 
Following the General Procedure A, 104 mg (81% yield) of arylation 
product 19c was obtained as a white solid after silica gel column 
chromatography (hexane:AcOEt = 5:1). Mp 123-124 °C; 1H NMR (400 
MHz, CDCl3): δ 2.14 (s, 3H), 3.83 (s, 3H), 3.85 (s, 3H), 6.90-6.96 (m, 4H), 
7.27 (d, J = 8.8 Hz, 2H), 7.36 (dd, J = 8.0, 7.6 Hz, 1H); 13C NMR (100 
MHz, CDCl3): δ 32.4, 55.2, 55.8, 109.4, 113.9, 122.2, 129.8, 130.0, 131.1, 
132.0, 139.6, 155.4, 159.2, 205.2; IR (KBr): 3086 w, 3011 w, 2999 w, 2972 
w, 2839 , 2958 m, 1689 s, 1608 m, 1567 s, 1515 s, 1464 s, 1437 m, 1292 m, 
1257 s, 1183 m, 1124 s, 1021 s, 835 s, 799 s, 752 m, 545 m cm-1; HRMS 




Arylation product 19d 
Following the General Procedure A, 95.7 mg (80% yield) of arylation product 
19d was obtained as a colorless oil after silica gel column chromatography 
(hexane:AcOEt = 20:1). 1H NMR (400 MHz, CDCl3): δ 2.16 (s, 3H), 2.37 (s, 
3H), 3.84 (s, 3H), 6.91 (d, J = 8.4 Hz, 1H), 6.95 (d, J = 8.0 Hz, 1H), 7.17-7.24 
(m, 4H), 7.35 (dd, J = 8.4, 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 21.1, 
32.4, 55.8, 109.6, 122.2, 128.7, 129.1, 129.8, 131.1, 136.8, 137.4, 139.9, 155.4, 
205.0; IR (NaCl): 3021 w, 2961 w, 2940 w, 2838 w, 1703 s, 1579 m, 1516 m, 
1465 s, 1435 m, 1349 m, 1309 m, 1255 s, 1125 s, 1031 m, 1017 m, 823 m, 792 
s, 747 m, 584 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C16H16NaO2 




Arylation product 19e 
Following the General Procedure A except that the reaction was conducted for 
1 h, 114 mg (80% yield) of arylation product 19e was obtained as a white 
solid after silica gel column chromatography (hexane:AcOEt = 20:1). Mp 90-
92 °C; 1H NMR (400 MHz, CDCl3): δ 2.24 (s, 3H), 3.87 (s, 3H), 6.94 (dd, J = 
6.8, 0.9 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 7.40 (dd, J = 8.4, 8.0 Hz, 1H), 7.45 
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(d, J = 8.4 Hz, 2H), 7.63 (d, J = 7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 
32.5, 55.8, 110.5, 122.1, 124.1 (q, J = 271.8 Hz), 125.2 (q, J = 3.7 Hz), 129.2, 
129.6 (q, J = 32.2 Hz), 130.1, 131.1, 138.5, 143.4, 155.8, 204.3; IR (KBr): 
3092 w, 3014 w, 2977 w, 2946 w, 2846 w, 1697 s, 1617 m, 1569 m, 1468 
m,1437 m, 1326 s, 1255 s, 1166 s, 1121 s, 1069 s, 1013 s, 855 m, 797 s, 751 s, 
612 w, 588 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C16H13F3NaO2 




Arylation product 19f 
Following the General Procedure A, 97.7 mg (80% yield) of arylation product 
19f was obtained as a white solid after silica gel column chromatography 
(hexane:AcOEt = 20:1). Mp 93-95 °C; 1H NMR (400 MHz, CDCl3): δ 2.17 (s, 
3H), 3.86 (s, 3H), 6.93 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 7.06-7.09 
(m, 2H), 7.29-7.32 (m, 2H), 7.38 (dd, J = 8.0, 7.6 Hz, 1H); 13C NMR (100 
MHz, CDCl3): δ 32.4, 55.7, 109.9, 115.3 (d, J = 21.4 Hz), 122.1, 129.8, 130.5 
(d, J = 8.2 Hz), 131.1, 135.6 (d, J = 3.3 Hz), 138.7, 155.5, 162.3 (d, J = 246.9 
Hz), 204.8; IR (KBr): 3095 w, 3020 w, 2971 w, 2941 w, 2843 w, 1696 s, 1598 s, 
1575 s, 1511 s, 1465 s, 1438 s, 1353 m, 1306 s, 1254 s, 1159 s, 1124 s, 1026 s, 
842 s, 671s, 751 m, 593 m, 538 s cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd 




Arylation product 19g 
Following the General Procedure A, 95.2 mg (73% yield) of arylation product 
19g was obtained as a white solid after silica gel column chromatography 
(hexane:AcOEt = 20:1). Mp 93-94 °C; 1H NMR (400 MHz, CDCl3): δ 2.20 (s, 
3H), 3.86 (s, 3H), 6.92 (d, J = 8.0 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 7.25-7.28 
(m, 2H), 7.34-7.39 (m, 3H); 13C NMR (100 MHz, CDCl3): δ 32.5, 55.8, 110.1, 
122.1, 128.6, 130.0, 130.2, 131.0, 133.8, 138.1, 138.6, 155.6, 204.7; IR (KBr): 
3089 w, 3013 w, 2966 w, 2939 w, 2841 w, 1695 s, 1591 s, 1579 s, 1562 m, 
1496 m, 1463 s, 1437 s, 1351 m, 1304 m, 1273 s, 1240 s, 1179 m, 1126 m, 
1090 s, 1026 s, 1010 s, 840 s, 795 s, 748 m, 593 m, 534 m cm-1; HRMS (ESI-






Arylation product 19h 
Following the General Procedure B, 125 mg (81% yield) of arylation product 
19h was obtained as a white solid after silica gel column chromatography 
(hexane:AcOEt = 20:1). Mp 93-94 °C; 1H NMR (400 MHz, CDCl3): δ 2.20 (s, 
3H), 3.85 (s, 3H), 6.92 (d, J = 7.2 Hz, 1H), 6.95 (d, J = 8.0 Hz, 1H), 7.20 (d, J 
= 8.0 Hz, 2H), 7.37 (dd, J = 8.4, 8.0 Hz, 1H), 7.50 (d, J = 8.8 Hz, 2H); 13C 
NMR (100 MHz, CDCl3): δ 32.5, 55.9, 110.2, 122.05, 122.06, 130.0, 130.5, 
131.1, 131.5, 138.6, 138.7, 155.7, 204.7; IR (KBr): 3086 m, 307 m, 2967 m, 
2941 m, 2839 m, 1695 s, 1589 s, 1577 s, 1559 s, 1462 s, 1434 s, 1351 s, 1303 
s, 1271 s, 1250 s, 1175 m, 1122 s, 1076 s, 1022 s, 1007 s, 970 m, 842 s, 827 s, 
795 s, 749 s, 595 m, 537 s cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 




Arylation product 19i 
Following the General Procedure C, 138 mg (78% yield) of arylation product 
19i was obtained as a white solid after silica gel column chromatography 
(hexane:AcOEt = 15:1). Mp 107-110 °C; 1H NMR (400 MHz, CDCl3): δ 2.20 
(s, 3H), 3.86 (s, 3H), 6.92 (d, J = 7.8 Hz, 1H), 6.95 (d, J = 8.2 Hz, 1H), 7.07 (d, 
J = 7.8 Hz, 2H), 7.38 (dd, J = 7.8, 7.4 Hz, 1H), 7.71 (d, J = 8.2 Hz, 2H); 13C 
NMR (100 MHz, CDCl3): δ 32.5, 55.8, 93.7, 110.1, 121.9, 130.0, 130.7, 130.9, 
137.4, 138.7, 139.2, 155.6, 204.5; IR (KBr): 3065 m, 3008 m, 2966 m, 2939 m, 
2838 m, 1698 s, 1575 s, 1551 s, 1495 s, 1463 s, 1432 s, 1348 s, 1312 s, 1303 s, 
1267 s, 1234 s, 1176 s, 1122 s, 1064 s, 1023s, 1006 s, 975 s, 846 s, 828 s, 794 s, 
750 s, 634 m, 592 s, 535 s, 522 s, 414 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ 




Arylation product 19j 
Following the General Procedure B except that the reaction was conducted for 
3 h, 96.5 mg (76% yield) of arylation product 19j was obtained as a colorless 
oil after silica gel column chromatography (hexane:AcOEt = 15:1). 1H NMR 
(400 MHz, CDCl3): δ 2.17 (s, 3H), 3.84 (s, 3H), 5.27 (d, J = 11.2 Hz, 1H), 
5.77 (d, J = 17.6 Hz, 1H), 6.72 (dd, J = 17.6, 11.2 Hz, 1H), 6.92 (d, J = 8.4 Hz, 
1H), 6.96 (d, J = 7.6 Hz, 1H), 7.30 (d, J = 8.4 Hz, 2H), 7.36 (dd, J = 8.0, 8.0 
Hz, 1H), 7.42 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 32.4, 55.8, 
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109.8, 114.2, 122.0, 126.2, 129.0, 129.8, 131.0, 136.2, 136.8, 139.1, 139.5, 
155.5, 204.8; IR (NaCl): 3009 m, 2939 m, 2839 w, 1696 s, 1577 s, 1465 s, 
1435 m, 1350 m, 1309 m, 1256 s, 1126 m, 1033 m, 1014 m, 844 m, 794 m, 
748 m, 667 w, 583 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 




Arylation product 19k 
Following the General Procedure A, 102 mg (80% yield) of arylation 
product 19k was obtained as a colorless oil after silica gel column 
chromatography (toluene:hexane:AcOEt = 10:10:1). 1H NMR (400 MHz, 
CDCl3): δ 2.17 (s, 3H), 3.81 (s, 3H), 3.85 (s, 3H), 6.88-6.95 (m, 4H), 6.98 
(d, J = 7.6 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H), 7.37 (dd, J = 8.4, 7.6 Hz, 1H); 
13C NMR (100 MHz, CDCl3): δ 32.4, 55.2, 55.8, 109.9, 113.4, 114.3, 121.3, 
122.0, 129.4, 129.8, 131.0, 139.8, 141.0, 155.4, 159.4, 204.8; IR (NaCl): 
3068 w, 3002 w, 2940 w, 2837 w, 1700 s, 1593 s, 1572 s, 1493m, 1572 s, 
1436 m, 1419 m, 1351 m, 1259 s, 1181 m, 1124 m, 1047 m, 1028 s, 784 m, 
748 m, 703 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C16H16NaO3 




Arylation product 19l 
Following the General Procedure A, 95.7 mg (80% yield) of arylation product 
19l was obtained as a colorless oil after silica gel column chromatography 
(hexane:AcOEt = 20:1). 1H NMR (400 MHz, CDCl3): δ 2.16 (s, 3H), 2.36 (s, 
3H), 3.84 (s, 3H), 6.92 (d, J = 8.4 Hz, 1H), 6.95 (d, J = 6.8 Hz, 1H), 7.11-7.15 
(m, 3H), 7.23-7.27 (m, 1H), 7.35 (dd, J = 8.0, 7.6 Hz, 1H); 13C NMR (100 
MHz, CDCl3): δ 21.3, 32.4, 55.8, 109.7, 122.2, 125.9, 128.2, 128.3, 129.5, 
129.7, 131.0, 138.0, 139.6, 140.1, 155.4, 204.8; IR (NaCl): 3007 m, 2939 m, 
2838 m, 1702 s, 1574 s, 1466 m, 1435 m, 1350 m, 1311 m, 1258 s, 1241 s, 
1123 s, 1040 s, 1007 m, 782 s, 747 m, 707 m, 670 m cm-1; HRMS (ESI-TOF) 






Arylation product 19m 
Following the General Procedure B, 111 mg (73% yield) of arylation product 
19m was obtained as a colorless oil after silica gel column chromatography 
(hexane:AcOEt = 20:1). 1H NMR (400 MHz, CDCl3): δ 2.23 (s, 3H), 3.86 (s, 
3H), 6.92 (d, J = 8.0 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 7.22-7.26 (m, 2H), 7.38 
(dd, J = 8.4, 7.6 Hz, 1H), 7.46-7.50 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 
32.5, 55.8, 110.3, 122.1, 122.4, 127.6, 129.8, 130.0, 130.6, 131.1, 131.7, 138.3, 
141.8, 155.6, 204.4; IR (NaCl): 3065 w, 3005 m, 2963 m, 2939 m, 2838 m, 
1699 s, 1591 s, 1577 s, 1558 s, 1463 s, 1436 s, 1403m, 1351 s, 1309 m, 1262 s, 
1177 m, 1127 s, 1074 m, 1030 s, 964 w, 868 m, 783 s, 767 m, 745 m, 698 s, 
599 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C15H13BrNaO2 




Arylation product 19n 
Following the General Procedure A except that the reaction was conducted for 
1 h, 112 mg (81% yield) of arylation product 19n was obtained as a white 
solid after silica gel column chromatography (hexane:AcOEt = 20:1). Mp 107-
110 °C; 1H NMR (400 MHz, CDCl3): δ 2.14 (s, 3H), 3.85 (s, 3H), 6.94 (d, J = 
8.6 Hz, 1H), 7.05 (d, J = 7.4 Hz, 1H), 7.39 (dd, J = 8.6, 7.4 Hz, 1H), 7.45-7.50 
(m, 3H), 7.80-7.85 (m , 4H); 13C NMR (100 MHz, CDCl3): δ 32.5, 55.8, 
109.9, 122.5, 126.2, 126.3, 126.9, 127.6, 127.9, 128.0, 128.2, 129.9, 131.3, 
132.5, 133.1, 137.1, 139.8, 155.5, 204.8; IR (KBr): 3052 w, 2956 w, 2836 w, 
1692 s, 1578 m, 1460 m, 1354 m, 1302 m, 1270 s, 1255 s, 1239 s, 1112 s, 
1029 s, 866 m, 831 s, 795 s, 756 m, 746 m, 592 m, 537 w, 477 m cm-1; HRMS 




Arylation product 19o 
Following the General Procedure B, 166 mg (76% yield) of arylation 
product 19o was obtained as a yellow oil after silica gel column 
chromatography (hexane:AcOEt = 30:1). 1H NMR (400 MHz, CDCl3): δ 
2.06 (s, 3H), 3.83 (s, 3H), 5.16 (s, 2H), 5.17 (s, 2H), 6.84 (dd, J = 8.4, 2.0 
Hz, 1H), 6.88 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 7.6 Hz, 2H), 7.24-7.45 (m, 
11H); 13C NMR (100 MHz, CDCl3): δ 32.3, 55.8, 71.1, 71.2, 109.6, 114.7, 
115.7, 122.02, 122.05, 127.25, 127.33, 127.7, 127.8, 128.4, 128.5, 129.7, 
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131.0, 133.0, 137.0, 137.1, 139.5, 148.5, 148.6, 155.4, 205.1; IR (NaCl): 
3063 w, 3032 w, 2938 w, 1696 s, 1569 m, 1512 s, 1465 s, 1435 m, 1411 m, 
1382 m, 1350 m, 1258 s, 1207 m, 1140 m, 1120 s, 1009 m, 794 m, 737 m, 
697 m, 597 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C29H26NaO4 




Arylation product 19p 
Following the General Procedure B, 90.4 mg (70% yield) of arylation product 19p 
was obtained as a yellow oil after silica gel column chromatography 
(hexane:AcOEt = 10:1). 1H NMR (400 MHz, CDCl3): δ 2.33 (s, 3H), 3.74 (s, 3H), 
3.86 (s, 3H), 6.88-6.94 (m, 3H), 6.99 (dd, J = 7.8, 7.6 Hz, 1H), 7.20 (d, J = 6.4 
Hz, 1H), 7.31 (dd, J = 7.6, 7.2 Hz, 1H), 7.37 (dd, J = 8.4, 7.6 Hz, 1H); 13C NMR 
(100 MHz, CDCl3): δ 31.3, 55.0, 55.7, 110.0, 110.4, 120.7, 123.3, 128.9, 129.1, 
130.0, 131.1, 131.4, 137.2, 155.5, 155.8, 203.3; IR (KBr): 3050 w, 2972 w, 2945 
w, 2843 w, 1690 s, 1589 m, 1571 m, 1496 m, 1469 m, 1430 m, 1351 m, 1308 m, 
1279 s, 1261 s, 1246 m, 1187 w, 1132 m, 1106 m, 1094 m, 1051 m, 1016 s, 858 
w, 793 m, 760 s, 746 s, 665 w, 596 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ 




Arylation product 19q 
Following the General Procedure B, 97.4 mg (90% yield) of arylation product 19q 
was obtained as a colorless oil after silica gel column chromatography 
(hexane:AcOEt = 20:1). 1H NMR (400 MHz, CDCl3): δ 2.48 (s, 3H), 3.83 (s, 3H), 
6.43 (dd, J = 3.3, 1.8 Hz, 1H), 6.56 (d, J = 3.1 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 
7.24 (dd, J = 7.8, 0.8 Hz, 1H), 7.33 (dd, J = 8.2, 7.8 Hz, 1H), 7.44 (d, J = 1.6 Hz, 
1H); 13C NMR (100 MHz, CDCl3): δ 31.9, 55.8, 108.2, 109.9, 111.6, 118.6, 127.7, 
128.6, 129.8, 142.7, 151.5, 155.7, 205.2; IR (NaCl): 3391 w, 3146 m, 3119m, 3003 
s, 2967 s, 2942 s, 2840 m, 1770 m, 1699s, 1590 s, 1568 s, 1458 s, 1435 s, 1351s, 
1260 s, 1124 s, 1037 s, 918 m, 886 m, 826 s, 792 s, 744 s, 595 s, 420m cm-1; 







Arylation product 19r 
Following the General Procedure B, 94.3 mg (81% yield) of arylation product 19r 
was obtained as a colorless oil after silica gel column chromatography 
(hexane:AcOEt = 20:1). 1H NMR (400 MHz, CDCl3): δ 2.27 (s, 3H), 3.83 (s, 3H), 
6.91 (d, J = 8.0 Hz, 1H), 7.01-7.03 (m, 2H), 7.08 (dd, J = 8.0, 1.2 Hz, 1H), 7.31-
7.35 (m, 2H); 13C NMR (100 MHz, CDCl3): δ 32.1, 55.8, 110.2, 122.3, 126.2, 
127.3, 127.7, 129.8, 130.8, 131.7, 140.5, 155.5, 205.0; IR (NaCl): 3386 w, 3105 m, 
3073 m, 3003 m, 2964 m, 2940 m, 2838 m, 2083 w, 1925 w, 1699 s, 1575 s, 1467 
s, 1435 s, 1351 s, 1296 s, 1267 s, 1115 s, 1051 s, 1010 s, 989 m, 963 m, 856 s, 814 
s, 791 s, 744 s, 705 s, 596 m, 582 m, 533 m, 500 m, 402 m cm-1; HRMS (ESI-TOF) 




Arylation product 19s 
Following the General Procedure B, 93.3 mg (86% yield) of arylation product 19s 
was obtained as a colorless oil after silica gel column chromatography 
(hexane:AcOEt = 15:1). 1H NMR (400 MHz, CDCl3): δ 2.33 (s, 3H), 3.84 (s, 3H), 
6.51 (s, 1H), 6.87 (d, J = 8.4 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 7.33 (dd, J = 8.0, 
8.0 Hz, 1H), 7.43 (s, 1H), 7.48 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 32.1, 55.7, 
109.6, 110.9, 121.3, 123.6, 129.80, 129.84, 130.5, 140.4, 143.1, 155.5, 205.8; IR 
(NaCl): 3386 w, 3148 m, 3003 m, 2942 m, 2840 m, 1771 m, 1698 s, 1574 s, 1507 
s, 1464 s, 1435 s, 1352 s, 1316 s, 1261 s, 1164 s, 1148 s, 1046 s, 1006 s, 948 s, 
875 s, 822 s, 786 s, 744 s, 600 s, 533 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ 




Arylation product 19t 
Following the General Procedure B except that the reaction was conducted for 2 h, 
74.0 mg (64% yield) of arylation product 19t was obtained as a colorless oil after 
silica gel column chromatography (hexane:AcOEt = 15:1). 1H NMR (400 MHz, 
CDCl3): δ 2.20 (s, 3H), 3.84 (s, 3H), 6.90 (d, J = 8.0 Hz, 1H), 7.02 (d, J = 8.0 Hz, 
1H), 7.13 (dd, J = 4.8, 1.6 Hz, 1H), 7.25 (dd, J = 2.8, 0.8 Hz, 1H), 7.33-7.37 (m, 
2H); 13C NMR (100 MHz, CDCl3): δ 32.2, 55.8, 109.8, 121.7, 123.6, 125.8, 128.3, 
129.8, 130.8, 134.0, 139.7, 155.4, 205.4; IR (NaCl): 3385 w, 3105 m, 3003 m, 
2963 m, 2940 m, 2838 m, 1699 s, 1594 s, 1577 s, 1468 s, 1435 s, 1350 s, 1295 s, 
1260 s, 1120 s, 1098 s, 1035 s, 1006 m, 964 m, 921 m, 869 m, 841 s, 782 s, 745 s, 
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663 s, 601 m, 533 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C13H12NaO2S 255.0456; Found 255.0450. 
 
 
Competition Experiment of 1 with Arylboronate 18c and 18e 
  
In a glove box, 2’,6’-dimethoxyacetophenone (1) (0.5 mmol), arylboronate 18c (1 mmol), 18e (1 
mmol), RuHCl(CO)(PiPr3)2 (21a) (0.01 mmol), CsF (0.02 mmol), styrene (0.5 mmol), and 0.5 mL of 
toluene were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture was 
heated at 80 °C for 10 min. After the reaction, volatile materials were removed by rotary 
evaporation, and o-xylylene oxide was added to the crude materials as an internal standard. 1H NMR 
analysis of the resulting mixture revealed that 19c and 19e were obtained in 15% and 32% yields, 
respectively. 
 
Sequential Ortho C–O Arylation of Acetophenone Derivative 19a 
 
In a glove box, 2’-methoxy-6’-phenylacetophenone (19a) (0.3 mmol), arylboronate 18 (0.45 mmol), 
RuH2(CO)(PPh3)3 (0.024 mmol) and 0.3 mL of toluene were placed in an oven-dried sealed tube 
containing a magnetic stirring bar. The mixture was heated at 120 °C for 4 h. After the reaction, the 
crude material was passed through a basic aluminium oxide column to remove the remaining 





Arylation product 22c 
Silica gel column chromatography (hexane:AcOEt = 15:1) afforded 89.6 mg 
(99% yield) of arylation product 2c as a white solid: Mp 90-92 °C; 1H NMR (400 
MHz, CDCl3): δ 1.88 (s, 3H), 3.84 (s, 3H), 6.93 (d, J = 8.8 Hz, 2H), 7.29 (d, J = 
8.4 Hz, 2H), 7.31-7.39 (m, 7H), 7.46 (dd, J = 8.0, 7.2, 1H); 13C NMR (100 MHz, 
CDCl3): δ 32.9, 55.2, 113.8, 127.5, 128.3, 128.6, 128.9, 129.1, 129.2, 130.2, 
132.6, 138.5, 138.9, 140.4, 141.3, 159.1, 206.5; IR (KBr): 3007 w, 2961 w, 2932 
w, 2836 w, 1690 s, 1609 s, 1690 m, 1513 s, 1454 s, 1349 m, 1293 m, 1248 s, 1177 
s, 1108 m, 1029 s, 842 s, 809 s, 765 s, 706 s, 600 m, 581 m, 520 m cm-1; HRMS 




Arylation product 22e 
Silica gel column chromatography (hexane:AcOEt = 20:1) afforded 99.8 mg (97% 
yield) of arylation product 22e as a white solid: Mp 148-151 °C; 1H NMR (400 
MHz, CDCl3): δ 1.86 (s, 3H), 7.32-7.53 (m, 10H), 7.66 (d, J = 8.4 Hz, 2H); 13C 
NMR (100 MHz, CDCl3): δ 32.9, 124.1 (q, J = 271 Hz), 125.3 (q, J = 3.7 Hz), 127.8, 
128.5, 128.9, 129.0, 129.1, 129.5, 129.7 (q, J = 32.5 Hz), 129.8, 137.6, 139.2, 139.9, 
141.2, 144.0, 205.8; IR (KBr): 3057 w, 1697 s, 1618 s, 1494 w, 1448 m, 1428 
m,1403 m, 1354 s, 1324 s, 1246 s, 1158 s, 1129 s, 1108 s, 1068 s, 1019 s, 851 s, 810 
s, 768 s, 709 s, 681 m, 596 m, 510 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd 
for C21H15F3NaO 363.0973; Found 363.0963. 
 
Preparation of Acetophenone Derivative 23b  
 
 
A 100 mL round-bottom flask was charged with 1.53 g of 2’,6’-dihydroxyacetophenone (10 mmol), 
3.33 g of K2CO3 (24 mmol), 1.8 mL of bromoethane (24 mmol), and 10 mL of DMF. The mixture was 
stirred under air at 60 °C for 16 h. After the reaction, the mixture was extracted three times with Et2O. 
Combined organic portions were washed with H2O and brine, quickly dried over Na2SO4, filtered and 
concentrated. Purification of the crude material by silica gel column chromatography (hexane:AcOEt 
= 10:1) afforded acetophenone derivative 23b in 1.79 g (85% yield) as a white solid: Mp 82-84 °C; 
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1H NMR (400 MHz, CDCl3): δ 1.36 (t, J = 6.8 Hz, 6H), 2.49 (s, 3H), 4.03 (q, J = 6.8 Hz, 4H), 6.52 (d, 
J = 8.8 Hz, 2H), 7.21 (t, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 14.7, 32.2, 64.2, 104.8, 
121.2, 130.3, 156.0, 202.8; IR (KBr): 2985 m, 2935 m, 2892 m, 1710 s, 1593 s, 1458 s, 1394 s, 1350 
m, 1288 s, 1253 s, 1117 s, 1092 s, 1055 m, 1017 m, 968 m, 781 s, 736 s, 637 m, 596 m, 471 m cm-1; 
HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C12H16NaO3 231.0997; Found 231.0994. 
 
Procedures for Monoarylation of Various Aromatic Ketones 23a 
Monoarylation of 8a 
 
 
In a glove box, 2’,4’,6’-trimethoxyacetophenone (23a) (0.5 mmol), phenylboronate 18a (0.6 
mmol), RuHCl(CO)(PiPr3)2 (21a) (0.01 mmol), CsF (0.02 mmol), styrene (0.5 mmol), and 0.5 mL of 
toluene were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture was 
heated at 80 °C for 15 min. After the reaction, volatile materials were removed by rotary 
evaporation. The crude material was passed through a basic aluminium oxide column to remove the 
remaining arylboronate. Further purification by silica gel column chromatography (hexane:AcOEt = 
5:1) afforded 95.8 mg (74% yield) of arylation product 24a as a colorless oil: 1H NMR (400 MHz, 
CDCl3): δ 2.13 (s, 3H), 3.835 (s, 3H), 3.843 (s, 3H), 6.47 (d, J = 2.4 Hz, 1H), 6.49 (d, J = 2.4 Hz, 
1H), 7.32-7.38 (m, 5H); 13C NMR (100 MHz, CDCl3): δ 32.7, 55.5, 55.8, 97.6, 106.3, 124.4, 127.7, 
128.4, 128.7, 140.2, 141.7, 157.3, 160.8, 204.3; IR (NaCl): 3058 m, 3003 s, 2939 s, 2840 s, 1697 s, 
1597 s, 1455 s, 1413 s, 1349 s, 1234 s, 1205 s, 1146 s, 1080 s, 1040 s, 1023 s, 966 m, 936 m, 836 s, 
774 s, 703 s, 638 m, 565 s cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C16H16NaO3 279.0997; 
Found 279.1007. 
 
Monoarylation of 23b 
 
In a glove box, 2’,6’-diethoxyacetophenone (23b) (0.5 mmol), phenylboronate 18a (0.6 mmol), 
RuHCl(CO)(PiPr3)2 (21a) (0.02 mmol), CsF (0.04 mmol), styrene (1.0 mmol), and 0.5 mL of toluene 
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were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture was heated 
at 80 °C for 1 h. After the reaction, volatile materials were removed by rotary evaporation. The crude 
material was passed through a basic aluminium oxide column to remove the remaining arylboronate. 
Further purification by silica gel column chromatography (hexane:AcOEt = 20:1) afforded 95.4 mg 
(80% yield) of arylation product 24b as a white solid: Mp 67-68 °C; 1H NMR (400 MHz, CDCl3): δ 
1.40 (t, J = 7.1 Hz, 3H), 2.21 (s, 3H), 4.09 (q, J = 7.1 Hz, 2H), 6.91 (d, J = 8.2 Hz, 1H), 6.94 (d, J = 
7.4 Hz, 1H), 7.33-7.36 (m, 6H); 13C NMR (100 MHz, CDCl3): δ 14.7, 32.5, 64.2, 110.8, 122.2, 
127.5, 128.3, 128.8, 129.8, 131.5, 139.9, 140.0, 155.0, 204.8; IR (KBr): 3091 w, 2979 m, 2932 w, 
2882 w, 1701 s, 1571 s, 1497 m, 1455 s, 1392 m, 1351 m, 1306 s, 1245 s, 1181 w, 1126 s, 1047 s, 
1025 m, 941 m, 803 m, 768 s, 706 s, 593 m, 535 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C16H16NaO2 263.10480; Found 263.10478. 
 
Monoarylation of 14a 
 
In a glove box, benzophenone derivative 14a (0.5 mmol), phenylboronate 18a (0.6 mmol), 
RuHCl(CO)(PiPr3)2 (6) (0.01 mmol), CsF (0.02 mmol), styrene (0.5 mmol), and 0.5 mL of toluene 
were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture was heated 
at 120 °C for 30 min. After the reaction, volatile materials were removed by rotary evaporation. The 
crude material was passed through a basic aluminium oxide column to remove the remaining 
arylboronate. Further purification by silica gel column chromatography (hexane:AcOEt = 10:1) 
afforded 109 mg (69% yield) of arylation product 24c as a white solid: Mp 96-98 °C; 1H NMR (400 
MHz, CDCl3): δ 3.72 (s, 3H), 3.88 (s, 3H), 6.55 (s, 2H), 7.15-7.19 (m, 3H), 7.24-7.30 (m, 4H), 7.41 
(t, J = 7.4 Hz, 1H), 7.67 (dd, J = 8.4, 1.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 55.5, 55.8, 97.5, 
106.3, 121.4, 127.4, 128.0, 128.1, 128.8, 129.3, 132.7, 138.3, 139.9, 142.7, 158.3, 161.1, 197.0; IR 
(KBr): 3083 w, 3056 w, 3009 w, 2963 m, 2932 m, 2838 m, 1661 s, 1596 s, 1456 s, 1411 s, 1351 s, 
1291 s, 1255 s, 1239 s, 1207 s, 1169 s, 1131 s, 1054 m, 1024 s, 943 s, 836 s, 774 s, 760 s, 722 s, 702 





Monoarylation of 10a 
 
In a glove box, acetophenone derivative (10a) (0.5 mmol), phenylboronate 18a (1.0 mmol), 
RuHCl(CO)(PiPr3)2 (21a) (0.05 mmol), CsF (0.1 mmol), styrene (1 mmol), and 0.5 mL of toluene 
were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture was heated 
at 120 °C for 1 h. After the reaction, volatile materials were removed by rotary evaporation. The 
crude material was passed through a basic aluminium oxide column to remove the remaining 
arylboronate. Further purification by silica gel column chromatography (hexane:AcOEt = 20:1) 
afforded 112 mg of C–OMe bond cleavage product 25 (77% yield) as a colorless oil and 10.0 mg of 
C–OPh bond cleavage product 19a (9% yield) as a white solid, respectively. 
 
 
Arylation product 25 
1H NMR (400 MHz, CDCl3): δ 2.21 (s, 3H), 6.90 (d, J = 8.2 Hz, 1H), 7.05 (d, J = 
8.2 Hz, 2H), 7.11-7.15 (m, 2H), 7.33-7.41 (m, 8H); 13C NMR (100 MHz, CDCl3): 
δ 32.4, 117.5, 119.0, 123.7, 124.9, 127.8, 128.5, 128.9, 129.8, 129.9, 133.7, 139.4, 
140.7, 153.3, 156.9, 203.7; IR (NaCl): 3387 m, 1703 s, 1594 s, 1566 s, 1490 s, 
1455 s, 1431 s, 1351 s, 1300 s, 1237 s, 1210 s, 1162 s, 1105 m, 1089 m, 1073 m, 
1051 m, 1023 m, 1000 w, 964 m, 908 s, 823 m, 793 m, 761 s, 702 s, 600 m cm-1; 
HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C20H16NaO2 311.1048; Found 
311.1044. 
 
Monoarylation of 13 
 
 
In a glove box, acetophenone derivative (13) (0.5 mmol), phenylboronate 18a (0.5 mmol), 
RuHCl(CO)(PiPr3)2 (21a) (0.02 mmol), CsF (0.04 mmol), styrene (1 mmol), and 0.5 mL of toluene 
were placed in an oven-dried sealed tube containing a magnetic stirring bar. The mixture was heated 
at 80 °C for 1 h. After the reaction, volatile materials were removed by rotary evaporation. The crude 
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material was passed through a basic aluminium oxide column to remove the remaining arylboronate. 
Further purification of the product was performed by silica gel column chromatography 
(hexane:AcOEt = 15:1) afforded 101 mg of C–NMe2 bond cleavage product 19a (89% yield).  
 
Procedures for Preparation of Aromatic Esters 29 
Preparation of Aromatic Ester 29a  
The esterification was performed using a similar procedure to the one for the synthesis of aromatic 
esters reported by Tamaddon and coworkers.115  
 
A 50 mL round-bottom flask was charged with 2.2 g of 2’,6’-dihydroxybenzoic acid (11 mmol), 81 
mg of ZnO (1 mmol), and 4 mL of iPrOH. This solution was stirred under air at 40 °C for 6 h. After 
the reaction, the mixture was extracted three times with AcOEt. Combined organic portions were 
washed with Sat. NaHCO3 aq, H2O, and brine, quickly dried over Na2SO4, filtered and concentrated. 
Purification of the crude material by reprecipitation with acetone/hexane afforded aromatic ester 29a 
in 2.0 g (83% yield) as a white solid: Mp 66-68 °C; 1H NMR (400 MHz, CDCl3): δ 1.35 (d, J = 6.4 
Hz, 6H), 3.81 (s, 6H), 5.31 (sept, J = 6.4 Hz, 1H), 6.55 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.4 Hz, 1H); 
13C NMR (100 MHz, CDCl3): δ 21.8, 56.0, 68.6, 104.0, 113.7, 130.7, 157.2, 166.1; IR (KBr): 3016 m, 
2984 m, 2842 w, 1723 s, 1597 s, 1476 s, 1435 s, 1374 m, 1293 s, 1255 s, 1177 m, 1111 s, 1073 s, 1027 
m, 914 m, 855 m, 786 s, 762 m, 740 m, 630 m, 505 w, 425 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ 
Calcd for C12H16NaO4 247.0946; Found 247.0940. 
 
Preparation of Aromatic Ester 29b  
 
A 30 mL two-necked flask was charged with 2.2 g of 2’,6’-dihydroxybenzoic acid (11 mmol) and 81 
mg of ZnO (1 mmol). The flask was evacuated and back-filled under N2 flow for 3 times. Then, 1 mL 
of pyridine, 10 mL of toluene and 4 mL of tBuOH were added to the flask. The resulting solution was 
stirred at 100 °C for 14 h. After the reaction, the mixture was extracted three times with AcOEt. 
Combined organic portions were washed with Sat. NaHCO3 aq, H2O, and brine, quickly dried over 
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Na2SO4, filtered and concentrated. Purification of the crude material by silica gel column 
chromatography (hexane:AcOEt = 10:1) afforded aromatic ester 29b in 1.39 g (53% yield) as a white 
solid: Mp 89-92 °C; 1H NMR (400 MHz, CDCl3): δ 1.58 (s, 9H), 3.81 (s, 6H), 6.53 (d, J = 8.2 Hz, 
2H), 7.23 (t, J = 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 28.2, 56.0, 81.7, 104.0, 115.0, 130.3, 
157.0, 165.8; IR (KBr): 3103 w, 3010 m, 2973 m, 2949 m, 2840 m, 1725 s, 1597 s, 1475 s, 1434 m, 
1369 m, 1295 s, 1255 s, 1171 m, 1112 s, 1076 s, 1028 m, 849 m, 796 m, 768 m, 740 w, 712 w, 629 m, 
503 w, 459 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C13H18NaO4 261.1103; Found 
261.1100. 
 
Procedures for Arylation of Aromatic Esters 29 
Arylation of Aromatic Ester 29a 
 
In a glove box, aromatic ester 29a (0.5 mmol), arylboronate 18a (0.6 mmol), RuHCl(CO)(PiPr3)2 
(21a) (0.02 mmol), CsF (0.04 mmol), styrene (1.0 mmol), and 0.5 mL of toluene were placed in an 
oven-dried sealed tube containing a magnetic stirring bar. The mixture was stirred at 100 °C for 12 h. 
After the reaction, volatile materials were removed by rotary evaporation. The crude material was 
passed through a basic aluminium oxide column to remove the remaining arylboronate. Further 
purification by silica gel column chromatography (hexane:AcOEt = 15:1) afforded 72.6 mg (54% 
yield) of arylation product 30a as a colorless oil.: 1H NMR (400 MHz, CDCl3): δ 1.01 (d, J = 6.4 Hz, 
6H), 3.87 (s, 3H), 5.03 (sept, J = 6.4 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H), 6.96 (dd, J = 8.0, 1.0 Hz, 
1H), 7.32-7.40 (m, 6H); 13C NMR (100 MHz, CDCl3): δ 21.3, 56.0, 68.5, 109.9, 121.9, 123.7, 127.4, 
128.1, 128.5, 130.2, 140.1, 141.1, 156.3, 167.3; IR (NaCl): 3061 s, 2979 s, 2938 m, 2839 m, 1726 s, 
1572 s, 1499 m, 1468 s, 1433 s, 1374 s, 1311 s, 1260 s, 1180 m, 1099 s, 1067 s, 1039 s, 1019 s, 917 
m, 866 m, 852 m, 796 m, 761 s, 701 s, 643 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C17H18NaO3 293.1154; Found 293.1154. 
 




In a glove box, aromatic ester 29b (0.5 mmol), arylboronate 18a (0.6 mmol), RuHCl(CO)(PiPr3)2 
(21a) (0.05 mmol), CsF (0.1 mmol), styrene (1.0 mmol), and 0.5 mL of toluene were placed in an 
oven-dried sealed tube containing a magnetic stirring bar. The mixture was stirred at 100 °C for 12 h. 
After the reaction, volatile materials were removed by rotary evaporation. The crude material was 
passed through a basic aluminium oxide column to remove the remaining arylboronate. Further 
purification by silica gel column chromatography (hexane:AcOEt = 20:1) afforded 65.7 mg (47% 
yield) of arylation product 30b as a colorless oil: 1H NMR (400 MHz, CDCl3): δ 1.29 (s, 9H), 3.87 
(s, 3H), 6.92 (t, J = 7.6 Hz, 2H), 7.33-7.42 (m, 6H); 13C NMR (100 MHz, CDCl3): δ 27.7, 56.0, 81.5, 
109.9, 121.8, 124.8, 127.3, 128.0, 128.7, 129.7, 140.1, 140.8, 156.2, 166.6; IR (NaCl): 3061 w, 2977 
m, 2933 m, 2838 w, 1724 s, 1572 m, 1499 m, 1467 s, 1432 m, 1392 m, 1368 m, 1312 s, 1286 s, 1258 
s, 1172 s, 1130 s, 1108 s, 1069 m, 1039 m, 1020 m, 849 m, 804 m, 761 s, 701 m, 645 w cm-1; HRMS 
(ESI-TOF) m/z: [M+Na]+ Calcd for C18H20NaO3 307.1310; Found 307.1297. 
 
Formal Synthesis of Altertenuol  
Preparation of Aromatic Ester 32  
 
To a solution of 0.42 g of 2’,4’,6’-trimethoxybenzoic acid (31) (2 mmol) and 4 mL of dry CH2Cl2 
was added 0.87 g of tert-butyl 2,2,2-trichloroacetimidate (4 mmol). The mixture was stirred at room 
temperature for 18 h, which was then quenched by addition of NaHCO3. The resulting mixture filtered 
through a short plug of silica gel and concentrated. Purification of the crude material by silica gel 
column chromatography (hexane:AcOEt = 5:1) afforded aromatic ester 32 in 0.487 g (91% yield) as 
a white solid: Mp 103-105 °C; 1H NMR (400 MHz, CDCl3): δ 1.55 (s, 9H), 3.796 (s, 6H), 3.804 (s, 
3H), 6.08 (s, 2H); 13C NMR (100 MHz, CDCl3): δ 28.2, 55.3, 55.9, 81.3, 90.6, 108.1, 158.2, 161.9, 
165.7; IR (KBr): 3006 m, 2981 m, 2946 m, 2844 w, 1725 s, 1612 s, 1498 m, 1462 s, 1409 s, 1369 s, 
1282 s, 1227 s, 1206 s, 1184 s, 1155 s, 1133 s, 1100 s, 1048 s, 1036 s, 949 m, 847 m, 808 s, 781 m, 










In a glove box, aromatic ester 32 (0.5 mmol), arylboronate 18o (1.0 mmol), RuHCl(CO)(PiPr3)2 (21a) 
(0.05 mmol), CsF (0.1 mmol), styrene (1 mmol), and 0.5 mL of toluene were placed in an oven-dried 
sealed tube containing a magnetic stirring bar. The mixture was stirred at 100 °C for 12 h. After the 
reaction, volatile materials were removed by rotary evaporation. The crude material was passed 
through a basic aluminium oxide column to remove the remaining arylboronate. Purification of the 
crude material by silica gel column chromatography (toluene:AcOEt = 30:1) afforded aromatic ester 
33 in 151 mg (57% yield) as a colorless oil: 1H NMR (400 MHz, CDCl3): δ 1.24 (s, 9H), 3.79 (s, 3H), 
3.84 (s, 3H), 5.16 (s, 2H), 5.19 (s, 2H), 6.33 (d, J = 2.4 Hz, 1H), 6.43 (d, J = 2.0 Hz, 1H), 6.92 (s, 2H), 
7.03 (s, 1H), 7.30 (d, J = 7.6 Hz, 2H), 7.36 (t, J = 8.0 Hz, 4H), 7.44-7.47 (m, 4H); 13C NMR (100 MHz, 
CDCl3): δ 27.7, 55.3, 55.9, 71.0, 71.2, 81.0, 97.4, 105.7, 114.7, 115.3, 117.9, 121.5, 127.2, 127.3, 
127.65, 127.67, 128.3, 128.4, 134.1, 137.07, 137.13, 141.6, 148.2, 148.4, 157.7, 160.6, 166.7; IR 
(NaCl): 3064 w, 3032 w, 2975 m, 2937 m, 2840 w, 1720 s, 1601 s, 1512 s, 1455 m, 1418 m, 1391 m, 
1368 m, 1258 s, 1212 m, 1158 s, 1104 m, 1035 m, 911 m, 848 m, 813 m, 735 m, 697 m, 665 w cm-1; 
HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C33H34NaO6 549.2253; Found 549.2243. 
 
Removal of tert-Butyl Group of Aroatic Ester 33 
The deprotection of tert-butyl group was performed using a similar procedure to the one reported by 
Gagné and coworkers.116  
 
 
A 20 mL round-bottom flask was charged with 118 mg of aromatic ester 33 (0.22 mmol), 0.5 mL of 
HCO2H and 0.5 mL of CH2Cl2. This solution was stirred under air at room temperature for 3 h. After 
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the reaction, the mixture was extracted three times with Et2O. Combined organic portions were washed 
with H2O and brine, quickly dried over Na2SO4, filtered and concentrated. Purification of the crude 
material by silica gel column chromatography (hexane:AcOEt = 2:1 to 0:1) afforded carboxylic acid 
35 in 98.1 mg (93% yield) as a cream solid: Mp 136-138 °C; 1H NMR (400 MHz, CDCl3): δ 3.80 (s, 
6H), 5.15 (s, 4H), 6.38 (d, J = 2.8 Hz, 1H), 6.42 (d, J = 2.0 Hz, 1H), 6.93 (s, 2H), 7.01 (s, 1H), 7.25-
7.37 (m, 6H), 7.42-7.45 (m, 4H); 13C NMR (100 MHz, CDCl3): δ 55.4, 56.0, 71.0, 71.1, 97.3, 106.4, 
114.60, 114.64, 114.9, 121.1, 127.3, 127.6, 127.7, 128.37, 128.41, 133.6, 137.20, 137.24, 142.7, 148.5, 
148.6, 155.6, 158.2, 161.4, 172.2; IR (KBr): 3030 s, 2935 s, 1698 s, 1601 s, 1514 s, 1454 s , 1402 m, 
1383 m, 1260 s, 1212 s, 1162 s, 1132 s, 1016 s, 933 m, 912 w, 838 m, 812 m, 734 s, 696 s, 606 m, cm-
1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C29H26NaO6 493.16271; Found 493.16265. 
 
Oxidative Cyclization of Carboxylic Acid 35 
The oxidative cyclization was performed using a similar procedure to the one reported by Gevorgyan 
and coworkers.78  
 
 
A sealed tube was charged with 94 mg of carboxylic acid 35 (0.2 mmol), 162 mg of K2S2O8 (0.6 
mmol), 1 mL of MeCN and 1 mL of H2O. This solution was stirred under air at 50 °C for 18 h. After 
the reaction, the mixture was extracted three times with CH2Cl2. Combined organic portions were 
quickly dried over Na2SO4, filtered and concentrated. Purification of the crude material by silica gel 
column chromatography (hexane:AcOEt:CH2Cl2 = 1:1:3) afforded lactone 36 in 68 mg (72% yield) 





For § 3 
Solvent and Materials 
Unless otherwise noted, all reactions were carried out under nitrogen and all commercially available 
ligandsand reagents were used without further purification. RuCl2(CO)(p-cymene) (43),117 1-methoxy-
2-acetonaphthone (44),118 L4,119 L8,119 L9,120 L10,121 L11,119 L12,98 L13,122 L14,99 L17,100 and 49d28b 
were prepared by according to the literature procedure. All MOP-type ligands were synthesized from 
optically pure (R)-BINOL purchased from Wako Pure Chemical Industries. MTHP and pinacolone 
were dried from drylite and distilled under nitrogen. Benzene and anisole were distilled from Sodium 
benzophenone ketyl under nitrogen. Anhydrous 1,1,1-trifluorotoluene and nBu2O was purchased from 
Sigma-Aldrich Co. LLC. and used as received. Anhydrous 1,4-dioxane was purchased from Wako 
Pure Chemical Industries, Ltd. and used as received. CypOMe was purchased from Kanto Chemical 
Co. Inc and used as received. Trifluoromethanesulfonic anhydride was purchased from Nacalai Tesque, 
Inc and used as received. Unless otherwise noted, arylboronates were prepared from arylboronic acids 
and diol in Et2O or Pd-catalyzed borylation of arylbromide with bis(pinacolato)diboron.  
 
Screening of External Phosphine Ligands on Ruthenium-Catalyzed C–O Arylation of an 




In a glove box, 2’,6’-dimethoxyacetophenone (1) (0.2 mmol), phenylboronate 18a (0.3 mmol), 
RuCl2(CO)(p-cymene) (43) (0.01 mmol), phosphine (0.02 mmol), CsF (0.04 mmol), styrene (0.2 
mmol), and 0.2 mL of toluene were placed in an oven-dried sealed tube containing a magnetic stirring 
bar. The mixture was heated at 100 °C for 1 h. After the reaction, hexadecane was added as an internal 





General Procedure for Preparation of RuX2(CO)(Arene) 
The synthesis of RuX2(CO)(Arene) was performed using a similar procedure to the one reported by 




To a solution of [RuX2(Arene)]2 in CH2Cl2, carbon monoxide was bubbled slowly into the reaction 
mixture for 15-30 minutes. The solution was evaporated to dryness in vacuo to afford corresponding 
RuX2(CO)(Arene) as a red or black powder. 
 




In a glove box, aryltolyflate (0.5 mmol), alkenylboronate (0.6 mmol), Pd(OAc)2 (0.05 mmol), dppf 
(0.05 mmol), and 1.0 mL of DMF were placed in an oven-dried sealed tube containing a magnetic 
stirring bar. The mixture was stirred at 25 °C (glove box temp.) until solution color changed from red 
to yellow (approx. 10 min). To a resulting solution, alkenylboronate (0.6 mmol), Cs2CO3 (1.8 mmol), 
and 0.5 mL of DMF were added and stirred at 85 °C for 12 h. After the reaction, the mixture was 
extracted three times with Et2O. Combined organic portions were wased twice with water and brine, 
quickly dried over Mg2SO4, filtered and concentrated. The residue was passed through a basic 
aluminium oxide column to remove the remaining alkeylboronate. Purification of the crude material 









In a glove box, C–O electrophile (0.2 mmol), aryboronate (0.3 mmol), RuCl2(CO)(p-cymene) (43) 
(0.03 mmol), MOP-alkene L15 (0.03 mmol), CsF (0.12 mmol), and 0.2 mL of 1,4-dioxane were placed 
in an oven-dried sealed tube containing a magnetic stirring bar. After the reaction, volatile materials 
were removed by rotary evaporation. The crude material was passed through a basic aluminium oxide 
column to remove the remaining boronate. Further purification of the product was performed by silica 
gel column chromatography. Finally, the enantiomeric excess was determined by chiral HPLC analysis. 
For the synthesis of racemic product: The reaction was conducted at 120 °C for 1-2 h by using 
RuH2(CO)(PPh3)3 as a catalyst instead of catalyst system consisting of 5, L, and CsF.  
 
 
Arylation product 46a 
Following the general procedure, 33.9 mg (58% yield) of arylation product 46a 
was obtained as a white solid after silica gel column chromatography 
(toluene:hexane:AcOEt = 40:20:1). The analytical data for 46a are in good 
agreement with those reported in literature.101a Specific rotation: []D22 –93.0 (c 
0.90, CHCl3); The enantiomeric excess was 76% ee, determined by chiral HPLC 
analysis (Daicel Chiralpak OJ-H column, column temperature: 25 °C, eluent; 





Arylation product 46b 
The general procedure was followed except that the reaction was performed for 
96 h. 33.1 mg (50% yield) of arylation product 46b was obtained as a pale yellow 
solid after silica gel column chromatography (hexane:AcOEt = 10:1). Mp 145-
147 °C; 1H NMR (400 MHz, CDCl3): δ 1.76 (s, 3H), 4.10 (s, 3H), 6.93 (d, J = 8.0 
Hz, 1H), 7.25-7.38 (m, 5H), 7.38-7.54 (m, 2H), 7.79 (d, J = 8.4 Hz, 1H), 7.93 (d, 
J = 7.6 Hz, 1H), 7.97 (d, J = 8.4 Hz, 1H), 8.39 (d, J = 7.6 Hz, 1H); 13C NMR (100 
MHz, CDCl3): δ 30.3, 55.6, 103.5, 122.3, 124.7, 125.4, 125.5, 126.0, 126.7, 127.2, 
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127.3, 127.87, 127.88, 128.0, 128.2, 128.9, 133.1, 133.7, 134.4, 137.2, 139.0, 
155.9, 204.4; IR (KBr): 3058 w, 2934 w, 2837 w, 1668 s, 1583 s, 1509 m, 1462 
m, 1421 s, 1368 s, 1320 m, 1268 s, 1241 s, 1158 m, 1128 w, 1087 s, 1023 s, 963 
m, 871 w, 822 s, 767 s, 714 m, 693 m, 660 w, 644 w cm-1; HRMS (ESI-TOF) m/z: 
[M+Na]+ Calcd for C23H18NaO2 349.1199; Found 349.1205. Specific rotation: 
[]D22 –65.9 (c 0.86, CHCl3); The enantiomeric excess was 68% ee, determined 
by chiral HPLC analysis (Daicel Chiralpak IB-3 column, column temperature: 
25 °C, eluent; hexane:iPrOH = 99:1, flow rate: 1.0 mL/min, λ = 257 nm; tR = 12.6 
and 14.9 min). 
 
 
Arylation product 46c 
Following the General Procedure, 31.1 mg (50% yield) of arylation product 46c 
was obtained as a colorless oil after silica gel column chromatography 
(toluene:hexane:AcOEt = 40:20:1). 1H NMR (400 MHz, CDCl3): δ 1.77 (s, 3H), 
2.82 (s, 3H), 7.28-7.33 (m, 5H), 7.43 (d, J = 6.0 Hz, 1H), 7.50-7.55 (m, 2H), 7.81 
(d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 
8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 19.6, 30.3, 124.5, 124.7, 126.0, 
126.26, 126.32, 126.7, 126.8, 127.3, 127.92, 127.93, 128.2, 128.5, 132.6, 132.87, 
132.95, 134.3, 134.4, 135.2, 137.4, 138.6, 203.9; IR (NaCl): 3060 m, 1684 s, 1591 
m, 1511 w, 1458w, 1421 m, 1355 m, 1329 w, 1267 m, 1251 m, 1096 w, 1023 w, 
975 w, 869 w, 823 s, 757 s, 696 w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd 
for C23H18NaO 333.1250; Found 333.1255. Specific rotation: []D22 –95.1 (c 0.82, 
CHCl3); The enantiomeric excess was 79% ee, determined by chiral HPLC 
analysis (Daicel Chiralpak IB-3 column, column temperature: 25 °C, eluent; 




Arylation product 46d 
Following the General Procedure, 31.6 mg (50% yield) of arylation product 46d 
was obtained as a colorless oil after silica gel column chromatography 
(toluene:hexane:AcOEt = 40:20:1). 1H NMR (400 MHz, CDCl3): δ 1.83 (s, 3H), 
7.25-7.40 (m, 6H), 7.51-7.58 (m, 2H), 7.81 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.4 
Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 8.23 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, 
CDCl3): δ 30.3, 109.2 (d, J = 20.1 Hz), 121.0 (d, J = 5.4 Hz), 123.7 (d, J = 16.6 
Hz), 124.6, 126.2 (d, J = 2.6 Hz), 126.5 (d, J = 1.9 Hz), 126.9, 127.59, 127.62, 
127.4, 128.0, 128.3 (d, J = 8.2 Hz), 128.6, 132.0 (d, J = 4.7 Hz), 132.8, 134.2 (d, 
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J = 84.7 Hz), 134.4, 136.2, 138.7, 159.0 (d, J = 253.5 Hz), 203.5; IR (NaCl): 3062 
m, 3015 m, 1685 s, 1630 m, 1599 s, 1508 m, 1468 m, 1422 s, 1368 s, 1330 , 1266 
s, 1231 s, 1153 m, 1121 m, 1097 w, 1057 m, 1037 m, 1011 m, 965 w, 926 w, 823 
s, 765 s, 712 m, 695 m cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 
C22H15FNaO 337.0998; Found 337.1005. Specific rotation: [a]D22 –71.6 (c 1.13, 
CHCl3); The enantiomeric excess was 77% ee, determined by chiral HPLC 
analysis (Daicel Chiralpak IB-3 column, column temperature: 25 °C, eluent; 
hexane:iPrOH = 99:1, flow rate: 0.5 mL/min, λ = 257 nm; tR = 17.3 and 19.9 min). 
 
 
Arylation product 46e 
Following the General Procedure, 15.5 mg (23% yield) of arylation product 46e 
was obtained as a colorless oil after silica gel column chromatography 
(toluene:hexane:AcOEt = 40:20:1). 1H NMR (400 MHz, CDCl3): δ 1.88 (s, 3H), 
7.25-7.38 (m, 5H), 7.54 (ddd, J = 7.8, 7.4, 1.2 Hz, 1H), 7.61 (ddd, J = 7.8, 7.4, 1.2 
Hz, 1H), 7.70 (d, J = 7.4 Hz, 1H), 7.82 (d, J = 8.6 Hz, 1H), 7.95 (d, J = 8.6 Hz, 
1H), 8.02 (d, J = 8.6 Hz, 1H), 8.41 (d, J = 8.6 Hz, 1H); 13C NMR (100 MHz, 
CDCl3): δ 30.3, 124.6, 124.9, 125.8, 126.7, 127.0, 127.3, 127.4, 127.5, 127.6, 
128.0, 128.3, 128.7, 130.7, 132.57, 132.64, 134.0, 134.4, 135.6, 136.1, 138.3, 
203.1; IR (NaCl): 3060 w, 3009 w, 2926 w, 1685 s, 1570 w, 1505 w, 1463 w, 1420 
w, 1355 m, 1261 m, 1247 m, 1113 w, 1025 w, 961 m, 901 w, 822 m, 759 s, 695 w 
cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C22H15ClNaO 353.0718; Found 
353.0709. Specific rotation: [a]D22 –55.8 (c 0.99, CHCl3); The enantiomeric excess 
was 75% ee, determined by chiral HPLC analysis (Daicel Chiralpak IB-3 column, 
column temperature: 25 °C, eluent; hexane:iPrOH = 99:1, flow rate: 0.5 mL/min, 




Arylation product 46g 
Following the General Procedure, 30.9 mg (44% yield) of arylation product 46g 
was obtained as a cream solid after silica gel column chromatography 
(toluene:hexane:AcOEt = 40:20:1). Mp 157-160 °C; 1H NMR (400 MHz, CDCl3): 
δ 1.88 (s, 3H), 7.24-7.28 (m, 1H), 7.37-7.44 (m, 3H), 7.52 (ddd, J = 8.2, 6.6, 1.2 
Hz, 1H), 7.62-7.69 (m, 3H), 7.74 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.85 (d, J = 8.6 
Hz, 2H), 7.94 (d, J = 7.8 Hz, 1H), 8.02 (d, J = 9.0 Hz, 1H), 8.79 (d, J = 8.2 Hz, 
1H), 8.82 (d, J = 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 30.4, 122.7, 123.0, 
124.8, 126.8, 126.9, 127.08, 127.10, 127.23, 127.24, 127.4, 127.9, 128.0, 128.5, 
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128.9, 129.6, 130.2, 130.4, 131.4, 132.0, 132.8, 134.5, 134.9, 137.0, 138.5, 203.6; 
IR (KBr): 3059 w, 1699 m, 1583 w, 1492 m, 1449 m, 1422 w, 1349 m, 1244 m, 
1164 w, 1125 w, 1038 m, 971 w, 903 m, 791 s, 748 s, 673 w, 616 w cm-1; HRMS 
(DART-TOF) m/z: [M+H]+ Calcd for C26H19O 347.14359; Found 347.14356.  
Specific rotation: [a]D21 –7.6 (c 0.96, CHCl3); The enantiomeric excess was 71 % 
ee, determined by chiral HPLC analysis (Daicel Chiralpak IA-3 column, column 
temperature: 25 °C, eluent; hexane:iPrOH = 99:1, flow rate: 1.0 mL/min, λ = 257 
nm; tR = 13.4 and 16.3 min).  
 
 
Arylation product 46h 
The general procedure was followed except using “neopentylglycolato” boronic 
acid ester, 24.7 mg (47% yield) of arylation product 46h was obtained as a 
colorless oil after silica gel column chromatography (hexane:AcOEt = 20:1). 1H 
NMR (400 MHz, CDCl3): δ 1.98 (s, 3H), 1.99 (s, 3H), 7.16 (d, J = 7.4 Hz, 1H), 
7.31 (t, J = 7.8 Hz, 1H), 7.35-7.42 (m, 4H), 7.52-7.56 (m, 1H), 7.76 (d, J = 8.6 
Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H); 13C NMR (100 MHz, 
CDCl3): δ 19.9, 30.2, 124.6, 126.0, 126.8, 127.2, 127.4, 127.9, 128.0, 128.4, 
130.2, 130.4, 131.8, 134.5, 137.0, 137.2, 137.9, 138.4, 203.7; IR (NaCl): 3059 m, 
3018 m, 2922 m, 2862 w, 1684 s, 1594 m, 1489 m, 1458 m, 1355 m, 1329 m, 1253 
s, 1129 m, 1089 m, 958 m, 870 m, 821 s, 758 s, 732 m, 687 m, 661 w, 609 w cm-
1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C19H16NaO 283.1090; Found 
283.1099. Specific rotation: [a]D22 +32.3 (c 1.07, CHCl3); The enantiomeric 
excess was 62 % ee, determined by chiral HPLC analysis (Daicel Chiralpak IC-3 
column, column temperature: 25 °C, eluent; hexane:iPrOH = 99:1, flow rate: 0.5 




Arylation product 50a 
Following the general procedure, 42.7 mg (79% yield) of arylation product 50a 
was obtained as a colorless oil after silica gel column chromatography 
(toluene:hexane:AcOEt = 40:20:1). 1H NMR (400 MHz, CDCl3): δ 1.69 (s, 3H), 
1.93 (s, 3H), 2.44 (s, 3H), 7.24 (dd, J = 6.8, 2.4 Hz, 1H), 7.27 (s, 1H), 7.34 (s, 1H), 
7.38-7.52 (m, 4H), 7.88 (d, J = 9.2 Hz, 1H), 7.90 (d, J = 9.2 Hz, 1H); 13C NMR 
(100 MHz, CDCl3): δ 20.1, 21.0, 30.0, 125.5, 125.6, 125.9, 126.0, 126.5, 127.6, 
128.0, 128.4, 132.1, 133.4, 133.5, 134.8, 137.4, 137.5, 137.8, 142.0, 204.1; IR 
(NaCl): 3055 w, 2959 w, 2923 w, 2859 w, 1685 s, 1604 w, 1507 w, 1389 w, 1352 
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m, 1302 m, 1245 w, 1174 w, 1135 w, 1017 w, 964 w, 857 w, 803 m, 780 s, 622 w 
cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C20H18NaO 297.1249; Found 
297.1255. Specific rotation: [a]D21 –68.4 (c 0.91, CHCl3); The enantiomeric excess 
was 75 % ee, determined by chiral HPLC analysis (Daicel Chiralpak IA-3 column, 
column temperature: 25 °C, eluent; hexane:iPrOH = 99:1, flow rate: 0.5 mL/min, 
λ = 257 nm; tR = 14.3 and 16.9 min). 
 
 
Arylation product 50d 
Following the general procedure, 39.8 mg (68% yield) of arylation product 50d 
was obtained as a colorless oil after silica gel column chromatography 
(toluene:hexane:AcOEt = 40:20:1).; 1H NMR (400 MHz, CDCl3): δ 1.77 (s, 3H), 
1.91 (s, 3H), 2.44 (s, 3H), 7.14-7.21 (m, 2H), 7.27 (s, 1H), 7.34 (s, 1H), 7.41-7.48 
(m, 2H), 7.55 (ddd, J = 8.0, 6.8, 1.6 Hz, 1H), 8.17 (d, J = 8.4 Hz, 1H); 13C NMR 
(100 MHz, CDCl3): δ 20.1, 21.0, 30.0, 109.1 (d, J = 19.8 Hz), 121.0 (d, J = 5.4 
Hz), 123.7 (d, J = 16.5 Hz),  125.6 (d, J = 2.9 Hz), 126.1, 126.3 (d, J = 2.1 Hz), 
127.1 (d, J = 8.7 Hz), 127.4, 133.34 (d, J = 2.8 Hz), 133.39 (d, J = 2.9 Hz), 133.42, 
134.0, 137.7, 138.0 (d, J = 0.9 Hz), 142.0, 158.4 (d, J = 252.3 Hz), 203.7; IR 
(NaCl): 3071 w, 2979 w, 2923 w, 1686 s, 1602 m, 1509 m, 1460 m, 1421 m, 1389 
s, 1353 m, 1302 s, 1229 m, 1169 w, 1129 w, 1041 m, 1016 w, 830 m, 766 s, 710 
w cm-1; HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C20H17FNaO 315.1161; Found 
315.1160. Specific rotation: [a]D21 –30.0 (c 0.77, CHCl3); The enantiomeric excess 
was 75 % ee, determined by chiral HPLC analysis (Daicel Chiralpak IC-3 column, 
column temperature: 25 °C, eluent; hexane:iPrOH = 99:1, flow rate: 1 mL/min, λ 
= 257 nm; tR = 14.6 and 16.2 min). 
 
 
Arylation product 52a 
Following the General Procedure, 34.1 mg (51% yield) of arylation product 
52a was obtained as a white solid after silica gel column chromatography 
(hexane:AcOEt = 1:1). The analytical data for 52a are in good agreement with 
those reported in literature.101b Specific rotation: [a]D19 –49.2 (c 0.75, CHCl3); 
The enantiomeric excess was 67% ee, determined by chiral HPLC analysis 
(Daicel Chiralpak IB-3 column, column temperature: 25 °C, eluent; 







Arylation product 52h 
Following the General Procedure, 31.0 mg (54% yield) of arylation product 
52h was obtained as a white solid after silica gel column chromatography 
(hexane:AcOEt = 1:1). The analytical data for 52h are in good agreement with 
those reported in literature.28b Specific rotation: [a]D22 –16.2 (c 1.48, CHCl3); 
The enantiomeric excess was 44% ee, determined by chiral HPLC analysis 
(Daicel Chiralpak IA-3 column, column temperature: 25 °C, eluent; 
hexane:iPrOH = 95:5, flow rate: 1.0 mL/min, λ = 257 nm; tR = 11.0 and 11.9 
min). 
 
Preparation of 1-methoxy-2-acetonaphthone (44) 
 
 
A 50 mL Schlenk tube was charged with 1.86 g of 1-hydroxy-2-acetonaphthone (10 mmol), 1.66 g 
of K2CO3 (12 mmol), 1 mL of MeI (15 mmol), and 10 mL of acetone. The mixture was stirred under 
air at 60 °C for 6 h. After the reaction, volatile materials were removed by rotary evaporation, and 
residue was extracted three times with Et2O. Combined organic portions were washed with H2O and 
brine, quickly dried over Na2SO4, filtered and concentrated. Purification of the crude material by basic 
aluminium oxide column chromatography (hexane:AcOEt = 10:1) afforded 44 in 1.47 g (74% yield) 
as a white solid. The analytical data for 44 are in good agreement with those reported in literature.124 
 




A 50 mL round bottom flask was charged with 1.65 g of 3’,5’-dimethyl-2’-hydroxy-acetophenone 
(10 mmol), 2.76 g of K2CO3 (20 mmol), 1.89 g of dimethylsulphite (15 mmol, 1.42 mL), and 10 mL 
of acetone. The mixture was stirred at 60 °C for 48 h. After the reaction, volatile materials were 
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removed by rotary evaporation, aqueous solution of 2 M NaOH was then introduced to the mixture 
and stirred for 30 min. Solution was then extracted with Et2O three times, and combined organic 
portions were washed with H2O and brine, quickly dried over MgSO4, filtered and concentrated. 
Purification of the crude material by silica gel column chromatography (hexane:AcOEt = 10:1) 
afforded 49a in 1.20 g (67% yield) as a white solid: 1H NMR (400 MHz, CDCl3): δ 2.29 (s, 3H), 2.62 
(s, 3H), 3.73 (s, 3H), 7.14 (s, 1H), 7.24 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 15.9, 20.6, 30.5, 61.8, 
127.7, 131.7, 133.0, 133.4, 135.7, 155.5, 301.3; IR (NaCl): 2927 m, 1681 s, 1604 w, 1585 w, 1475 s, 
1421 m, 1356 m, 1308 m, 1256 s, 1223 s, 1182 m, 1124 m, 1010 s, 862 w, 772 w, 620 w cm-1; HRMS 
(DART-TOF) m/z: [M+H]+ Calcd for C11H15O2 179.1072; Found 179.1077. 
 
Preparation of (1-methoxynaphthalen-2-yl)(morpholino)methanone (51b) 
 
 
To a suspension of a naphthoic acid (1 equiv) in 6 mL toluene at rt was added SOCl2 (2 equiv) slowly 
followed by 1 drop of DMF. The mixture was stirred at rt for 30 min. After concentration in vacuo, the 
residue was dissolved in 3 mL of CH2Cl2. After addition of 227 mg of morphorine and 242 mg of NEt3, 
the resulting mixture was stirred at rt for 1 h. Then, the reaction mixture was quenched by H2O, 
extracted with AcOEt three times, and combined organic portions were washed with H2O and brine, 
quickly dried over MgSO4, filtered and concentrated. Purification of the crude material by silica gel 
column chromatography (hexane:AcOEt = 1:1) afforded 51b in 93% yield (506 mg) as a white solid. 
Mp 87-89 °C; 1H NMR (400 MHz, CDCl3) δ 3.27-3.69 (m, 4H), 3.81-3.96 (m, 4H), 4.01 (s, 3H), 7.36 
(d, J = 8.0 Hz, 1H), 7.52-7.56 (m, 2H), 7.65 (d, J = 8.4 Hz, 1H), 7.84-7.86 (m, 1H), 8.15-8.18 (m, 1H); 
13C NMR (100 MHz, CDCl3) δ 42.3, 47.5, 62.8, 66.8, 67.0, 122.4, 124.0, 124.5, 124.8, 126.5, 127.1, 
127.5, 128.0, 135.2, 152.3, 168.2; IR (KBr): 3049 w, 3010 w, 2981 m, 2920 m, 2857 m, 1623 s, 1475 
s, 1457 s, 1434 s, 1367 s, 1335 m, 1303 m, 1277 s, 1248 s, 1224 w, 1168 m, 1109 s, 1081 s, 1063 m, 
1031 s, 976 m, 947 m, 847 m, 816 m, 754 m, 714 m, 666 w, 619 w cm-1; HRMS (ESI-TOF) m/z: 
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